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Legume-grass mixtures are commonly grown on livestock farms in northern New 
England that feed high forage diets. Such farms typically ferment stored feed into silage 
that can be fed throughout the year. Many legumes and grass species are available for 
use in temperate climates and information on the yield, forage quality, and fermentation 
characteristics of various legume-grass combinations would help farmers make 
informed decisions about species selection and optimum management for their forage 
programs.  
 
One obstacle to evaluating numerous forage treatments in agronomic research is the 
high variability in silage dry matter content. We hypothesized that a method of artificial 
wilting could reduce dry matter variability and improve the feasibility of fermented 
forage experiments without altering fermented forage quality parameters. In two 
experiments, we evaluated the use of forced air drying at 55°C for this purpose and 
found that this method reduced dry matter variability while maintaining fermented 
forage quality similar to field wilting.   
 
A small plot study was conducted on a well-drained loamy sand soil in South 
Burlington, VT to evaluate binary legume-grass mixtures including combinations of 
alfalfa, red clover, or birdsfoot trefoil with timothy, tall fescue, meadow fescue, or 
perennial ryegrass managed at two harvest intensities. Two years of results suggest that 
alfalfa-grass mixtures had the highest yield potential, and were intermediate in quality 
but had the highest protein degradation during fermentation. Mixtures containing 
birdsfoot trefoil were highest in quality and fermented well, but they were limited in 
yield potential in this study. Red clover-grass mixtures were consistently lower in fiber 
digestibility, but they had the least protein degradation during ensiling. Of the grass 
treatments, legume-tall fescue mixtures often showed greater protein degradation than 
mixtures with other grasses. Legume-timothy mixtures were consistently the highest 
yielding, but they tended to be slightly lower in quality. Conversely, legume-perennial 
ryegrass mixtures yielded poorly, but they were often high in quality. Modeling 
potential milk production per unit land suggests that the yield differences observed in 
this study generally outweighed quality differences between mixtures. Intensive cutting 
management was shown to be an effective way to maximize the quality of legume-grass 
mixtures and did not negatively impact yields. The greatest benefit of intensive harvest 
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CHAPTER 1: LITERATURE REVEIW 
1.1 Introduction 
Agriculture in the Northeastern United States (the Northeast) continues to be 
dominated by dairy farming. In Vermont, dairy has contributed up to 80% of the state’s 
agricultural sales in recent years (Parsons, 2010). As the most dairy-dependent state, 
Vermont is particularly vulnerable to fluctuating grain and milk prices. This was clearly 
observed in 2009 when plummeting milk prices combined with high grain prices and 
caused losses in excess of $700/cow on certain farms in Vermont (Parsons, 2010). While 
some farmers abandoned the dairy industry altogether, many have found financial 
viability by transitioning to organic milk production, since the organic market has 
provided higher and more stable milk prices than the conventional market in recent years 
(O’Hara and Parsons, 2013).  However, organic grain can be 2-3 times more expensive 
than conventional grain and purchased feed is often the biggest expense on most dairy 
farms (Marston et al., 2011). Since on-farm grain production is limited, even margins on 
organic farms can be limited when grain prices are high. 
Aside from economic considerations, there are other reasons that farmers may 
seek to limit grain supplementation on their farms as well. Martin et al. (2017) conducted 
an extensive review on forage and grain production and use in the dairy industry and 
considered factors relevant to sustainable feeding systems for the future. The authors 
recognized environmental and social drivers that may restrain concentrate use in the 
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future dairy industry and favor the use of high-quality perennial forages such as grasses 
and legumes.  
One way that farmers can reduce their reliance on grain is to produce higher 
quality forage. This was well-demonstrated by Cleale IV and Bull (1986) when they 
compared diets containing early and late cut legume-grass mixtures fed to early lactation 
dairy cows. They found that the lower quality forage had required nearly double the grain 
proportion to perform similarly to the high-quality forage diet. They estimated increases 
in required concentrate to be approximately 1% per day that cutting was delayed. Organic 
farms in the Northeast typically rely more heavily on perennial forage, such as alfalfa, 
rather than annual forages such as corn silage, which is the dominant forage fed in 
conventional farms (Martin et al., 2017). This is likely due to difficulties and comparative 
inefficiencies associated with the organic production of annual forages (Marston et al., 
2011). Some farms in the Northeast have started feeding nearly 100% forage diets 
(Grassmilk) and receive an additional premium on top of the organic premium (Benbrook 
et al., 2018). Since these farms rely almost exclusively on perennial forage systems to 
meet animal energy and protein requirements, maximizing forage yield and quality is one 
of their biggest priorities.  
While organic and grass-fed dairy farms are required to graze their animals for a 
considerable portion of the year, these operations are limited to stored forage (typically 
wrapped round bale silage) during a significant part of the year (Benbrook et al., 2018; 
O’Hara and Parsons, 2013). While attention has been given to maximizing the efficiency 
of grazing systems on organic farms, research indicates that seasonally-grazed animals 
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have the highest potential milk production during the offseason when stored forage is fed 
(Jasinsky et al., 2019). Even though substantial amounts of conserved feed are required in 
the Northeast, relatively little focus has been placed on organic conserved forage systems.  
Legumes play a key role in organic perennial forage systems. Unlike other plants, 
legumes have the ability to fix atmospheric nitrogen into forms that are biologically 
available (Nyfeler et al., 2011). This nitrogen is primarily utilized by the legume itself, 
but can be transferred to other plants through organic matter decomposition, exudation, 
and even mycorrhizal associations (Thilakarathna et al., 2016). Therefore, forage legumes 
can provide nitrogen that contributes to the growth of non-legume plants, such as cool 
season grasses, that are often planted with legumes in the Northeast.  
In Vermont, more than half of the perennial forages produced are preserved as 
silage (USDA NASS, 2019). During silage fermentation, water-soluble carbohydrates are 
transformed into organic acids which preserve the feed (Kung Jr, 2001). Silage quality is, 
therefore, influenced by both the forage material being ensiled and the characteristics of 
the fermentation that takes place prior to feeding. Forage species have been shown to 
interact at the agronomic level when grown in mixtures (Schwinning and Parsons, 1996; 
Springer et al., 2001; Suriyagoda et al., 2011) and species have also been shown to have 






1.2 Perennial Forage Species 
Most farms in the Northeast utilize perennial forages to help meet the forage and 
fiber requirements of their operations. Soil and environmental conditions in the Northeast 
can be highly variable, and perennial forages are rarely sown in monoculture. Numerous 
forage species are available for use on dairy farms in the Northeast, and each species 
possesses unique characteristics related to forage production.  
1.2.1 Alfalfa  
Alfalfa is thought to have originated in northeastern Turkey and evidence 
suggests that it has been used extensively as a forage legume for thousands of years 
(Bouton, 2013). Research has shown that alfalfa’s symbiotic nitrogen fixation can yield 
82 to 254 kg ha-1 year-1 (Heichel and Henjum, 1991) and provide more protein per unit 
land than any other livestock crop (Hanson and Davis, 1972). Winterkill is the biggest 
threat to alfalfa production in northern climates and injury has been correlated with the 
fall-dormancy rating (Schwab et al., 1996). However, Leep et al. (2001) found that, with 
adequate snow depth (10 cm or greater), even intermediately fall-dormant alfalfa could 
be grown successfully in cold climates. This study also highlights the detrimental effect 
of ice sheeting on alfalfa in certain years that can create year-to-year variability in stand 
persistence. This is one reason why alfalfa is often grown in mixture with grasses or other 




Even though alfalfa may risk winterkill in northern latitudes, it is often still 
planted due to its ability to produce exceptional yields of high-quality forage under ideal 
conditions. Alfalfa is one of the most drought tolerant perennial forage crops (Bouton, 
2013) and is generally thought to have the highest yield potential among forage legumes 
(Lacefield, 1988). Murata et al. (1965) found that photosynthesis in alfalfa was the least 
affected by drought out of all the forage crops evaluated. Alfalfa photosynthesis was 
severely limited, however, by soil saturation. Alfalfa is classified as tolerant to saline 
soils (Bula and Massengale, 1972) but performs poorly in acidic soils (Fageria et al., 
1989).  
Alfalfa forage can be of high feeding value and generally has a lower fiber 
content and a greater non-fiber carbohydrate content than most grasses (Van Soest, 
1982). Furthermore, at comparable dry matter digestibilities, alfalfa has supported greater 
dry matter intake than perennial forage grasses (Balwani et al., 1969; Troelsen and 
Campbell, 1959), even though alfalfa fiber is generally more lignified (Badhan et al., 
2014; Singh and Narang, 1991). The high dry matter intake potential of alfalfa and other 
legumes is probably driven by a more rapid overall dry matter disappearance than forage 
grasses (Albrecht and Beauchemin, 2003; Barnes and Gordon, 1972).  
As with most perennial forages, alfalfa quality declines with increasing maturity 
(Palmonari et al., 2014). In alfalfa, the rate of dry matter digestibility decline is generally 
highest for the initial cutting, particularly in northern regions (Barnes and Gordon, 1972). 
Alfalfa quality can be improved through increased harvest frequency which can be 
enabled through the breeding of more vigorous and persistent alfalfa cultivars (Smith, 
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1972). Recent innovations in alfalfa quality have been achieved through the reduction of 
plant lignin through conventional and novel (genetic engineering) approaches (Newman 
and Justen, 2016). The latter has been achieved through the downregulation of the 
CCoAOMT gene which is involved in the lignin biosynthesis pathway (Barros et al., 
2019).  
Alfalfa has been grown in combination with various cool season grass species and 
including grass has resulted in yield differences of -26% to 79% depending on harvest 
year and grass species (McCloud and Mott, 1953). While experimental results with 
specific grasses in combination with alfalfa are variable, studies have shown superior 
results with alfalfa in combination with orchardgrass (Picasso et al., 2011; Van Slijcken 
and Andries, 1963) and bromegrass (Albayrak and Türk, 2013; McCloud and Mott, 1953) 
compared with other grasses. While yield differences were not observed, Sheaffer et al. 
(1990) suggests that reed canarygrass combined favorably with alfalfa and was less 
competitive with the alfalfa than other species. Chamblee (1972) suggests that modest 
yield increases of 10-15% can be expected when a grass is added to monoculture alfalfa. 
 Ensiling is a common preservation method for alfalfa produced on livestock 
farms and allows for improved mechanization and reduced vulnerability to unfavorable 
weather conditions (Barnes and Gordon, 1972). Alfalfa is considered to be one of the 
most difficult forages to ensile due to a high buffering capacity and low soluble 
carbohydrate content (Davies et al., 1998; McAllister et al., 1998). While improvements 
have been made in forage quality through breeding, these improvements have not 
improved the ensilability of alfalfa significantly (Muck and Hintz, 2003). Alfalfa’s high 
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buffering capacity is due, in part, to extensive proteolysis that has been shown to be 
higher than other legume and grass species (Albrecht and Muck, 1991; Papadopoulos and 
McKersie, 1983). Sullivan and Zeller (2013) attempted to reduce the proteolytic activity 
in alfalfa through the transgenic expression of polyphenol oxidase (PPO). They found 
that this method was ineffective due to the lack of sufficient o-diphenol substrates in 
alfalfa. Barnes and Gordon (1972) recommend that the best way to achieve high-quality 
alfalfa silage is to wilt the forage material properly and/or make use of silage additives to 
aid in the preservation process.  
1.2.2 Red Clover 
Red clover is a short-lived perennial legume with origins in southeastern Europe 
that is adaptable to a wide range of soil types, pH levels, climates (Smith et al., 1985). 
Red clover is well adapted to production in the Northeast, since it grows best when 
summer temperatures range between 21 and 24°C (Kendall, 1958). Compared to alfalfa, 
red clover is much more suited for production on acid soils since it will tolerate soils with 
a pH as low as 5.0 when managed appropriately (Katić et al., 2005; Smith et al., 1985). 
Soil P and K must be adequate to maintain plant concentrations of 0.2-0.4% (Aldrich et 
al., 1972) and 1.8% (McNaught, 1958), respectively, if optimal yields are to be 
maintained. Red clover generally prefers heavier soils over sandy or gravelly soils (Smith 




The greatest agronomic obstacle to red clover use as a perennial forage crop is 
poor persistence. It is well known that red clover typically does not persist for more than 
three seasons (Hejduk and Knot, 2010; Ortega et al., 2014) and is most productive early 
in the year after establishment (Smith et al., 1985). The review by Ortega et al. (2014) 
suggests that improved persistence in red clover is possible even though persistence is a 
complex trait with many interacting factors including pests and diseases, soil adaptation, 
and cutting management. Red clover re-establishment is aided by exceptional seedling 
vigor (Smith et al., 1985), which can allow for interseeding and broadcasting into existing 
stands (Riday, 2006).  
Red clover forage quality is generally considered to be comparable to that of 
alfalfa and most red clover breeding has been oriented toward other areas, such as disease 
resistance and seasonal yield. Smith (1965) compared alfalfa and red clover cut at 
different frequencies and found little difference in digestible dry matter with similar 
management. Grabber (2009) evaluated red clover forage quality under differing cutting 
management strategies and found that maximum yield and quality was achieved by 
cutting red clover earlier than alfalfa at the first harvest.  
Red clover is frequently grown in mixtures with cool season grasses and nitrogen 
fixation from red clover is expected to be greater in these cases (McKenna et al., 2018). 
Marshall et al. (2017) found that red clover varieties varied in their persistence when 
grown with perennial ryegrass, so care should be taken to select persistent varieties for 
use in legume-grass mixtures. Few studies have evaluated the compatibility of red clover 
with various perennial grasses and existing studies appear to be inconclusive. Cougnon et 
9 
 
al. (2012) found that red clover-tall fescue was a superior mixture since it was less 
competitive with the clover, but Frame et al. (1985) found that the opposite was true and 
that timothy combined more favorably.  
The ensiling characteristics of red clover are notable due to the natural presence 
of polyphenol oxidase enzymes in red clover (Li et al., 2018; Mayer, 1986). These 
molecules are thought to interfere with proteolysis by binding to the active site of plant 
proteases or potentially cross-linking substrates (Grabber, 2008; Sullivan and Hatfield, 
2006). This activity can reduce proteolysis by up to 90% compared to alfalfa and can 
benefit farms through improved protein utilization (Sullivan et al., 2004). The use of red 
clover silages in Europe has been estimated to result in significantly higher returns over 
alfalfa or white clover silages (McKenna et al., 2018).  
1.2.3 Birdsfoot Trefoil  
Birdsfoot trefoil is native to the Middle East but is now widely distributed around 
the world in various regions and climates (Steiner and De Los Santos, 2001). Unlike most 
other legumes, birdsfoot trefoil can tolerate moderate soil saturation and remains 
productive (Undersander et al., 1993). Although highly palatable, birdsfoot trefoil use has 
been limited in livestock operations due to its poor establishment and limited yields 
compared to other legumes on highly productive soils (Grabber et al., 2014). Birdsfoot 
trefoil is being used increasingly in pastures since it contains condensed tannins which 
are known to reduce bloat (Salem, 2010) and parasites (Lisonbee, 2008) in grazing 
animals. Condensed tannins have also generally been reported to reduce proteolysis 
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during ensiling (Albrecht and Muck, 1991; Lorenz et al., 2010). However, Hymes-Fecht 
et al. (2013) found no differences in non-protein nitrogen (NPN) in birdsfoot trefoil 
varieties of varying condensed tannin (CT) content. Tannins are thought to reduce 
proteolysis through non-covalent bonding interactions with proteases and substrates 
causing precipitation (Min et al., 2003). 
The benefit of combining birdsfoot trefoil with a grass was clearly observed by 
Häring et al. (2008) who combined birdsfoot trefoil with meadow fescue and saw 
substantial yield increases over trefoil alone. The authors conclude, however, that the 
mixture would benefit from birdsfoot trefoil breeds with improved competitive ability in 
mixtures. Similar observations were made by Chevrette et al. (1960) who concluded that 
less competitive grasses were more highly compatible, with the best choice being 
timothy.  
1.2.4 Timothy  
Timothy is a cool season grass with origins in northern Europe that has since 
spread to almost every temperate region of the world (Wilton and Klebesadel, 1973). 
Since being introduced to the region, timothy has proved to be an excellent forage crop 
and is the dominant forage grass and the standard hay-crop species in the Northeast (Berg 
et al., 1996). Timothy has proven to be very cold hardy and tolerant of moist soils and ice 
sheeting during the winter months (Andrews and Gudleifsson, 1983; Klebesadel and 
Helm, 1986). Timothy is generally considered to persist well when managed for forage 
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production, but some studies have found stand declines with frequent cutting (Brown et 
al., 1968; Grant and Burgess, 1978).  
To improve sward stability, timothy is regularly grown in mixtures with legumes 
such as alfalfa, red clover, and alsike clover (Berg et al., 1996). Frankow-Lindberg 
(1986) found that the yield benefit from including timothy in legume mixtures was lower 
than that of other grass species. Timothy may pair well with heat and drought tolerant 
legumes since timothy provides little competition in aftermath during the summer months 
(Langille and Warren, 1961). Furthermore, Collins and Casler (1990) found that timothy 
does not decline in quality as rapidly as other grasses if cutting is delayed to allow for 
legume maturation.  
1.2.5 Tall Fescue 
The perennial grass, tall fescue, is ubiquitous in its use for forage production, 
conservation, and turf since it is widely adaptable to temperate and subtropical climates 
(Sleper and West, 1996). Tall fescue has exceptional tolerance to drought and poor soil 
fertility (Hanson, 1979) which may be related to its possible origins in north Africa 
(Borrill, 1972). The exceptional adaptability of tall fescue has also been attributed to the 
presence of symbiotic endophytes that are known to persist in some cultivars (Hoveland, 
1993). Tall fescue endophytes have also been shown to be a significant anti-quality factor 
in tall fescue as they lead to the production of toxic alkaloids (Schmidt and Osborn, 
1993). These toxic effects have limited the use of tall fescue on dairy farms (Hemken et 
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al., 1979), but the development of endophyte-free varieties has increased the potential for 
livestock utilization (Sleper and West, 1996).  
When grown in mixture with legumes, tall fescue can be very competitive (Frame 
et al., 1998), but competition has been reported to vary by cultivar (Pederson and Brink, 
1988). Mallarino et al. (1990) compared the nitrogen transfer of white clover, red clover, 
and birdsfoot trefoil to tall fescue in binary mixtures and found that white clover supplied 
the most nitrogen. Tall fescue mixtures can be preserved well as silage, especially when 
harvested at the proper maturity (Sleper and West, 1996). Cherney et al. (2002) evaluated 
the milk production potential of alfalfa-tall fescue mixtures with varying proportions of 
tall fescue. They found that milk production increased as the proportion of tall fescue 
increased in the diet.  
1.2.6 Meadow Fescue 
Meadow fescue is similar in morphology to tall fescue (Crowder, 1956) and the 
two species are sympatric in many regions (Casler and van Santen, 2000). Meadow 
fescue has been used extensively in Europe and was cultivated in the Northeast prior to 
1954 (Casler and van Santen, 2001). The decline in use thereafter was the result of early 
agronomic evaluations suggesting that meadow fescue was inferior to tall fescue in yield 
potential and resistance to crown rust (Buckner et al., 1979). Although meadow fescue 
use is still limited, there has been renewed interest in meadow fescue for grazing 
operations due to its higher palatability than tall fescue (Casler et al., 1998). Furthermore, 
meadow fescue has been shown to be higher in fiber digestibility than other grasses, 
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regardless of cutting management (Brink et al., 2010). Meadow fescue appears to be an 
excellent candidate for use in legume-grass mixtures and has been paired successfully 
with non-competitive legumes such as birdsfoot trefoil (Häring et al., 2008). Cherney and 
Cherney (2018) evaluated various alfalfa-grass mixtures and concluded that meadow 
fescue mixtures were superior in fiber digestibility to mixtures containing other grasses. 
Furthermore, they concluded that the digestibility benefit of using meadow fescue over 
other grasses was similar to the benefit of using reduced lignin alfalfa.  
1.2.7 Perennial Ryegrass 
Perennial ryegrass is used extensively for pasture and silage production 
throughout temperate regions of the world, but is primarily suited for regions with 
moderate winters and frequent precipitation (Jung et al., 1996). In the Northeast, the 
greatest obstacle to perennial ryegrass cultivation is cold tolerance. Wood and Cohen 
(1984) reported substantial winterkill in perennial ryegrass plots in Vermont, but found 
that injury varied substantially by cultivar. Perennial ryegrass is also limited by poor 
tolerance to midsummer heat and drought compared to some cool season grasses, such as 
smooth bromegrass (Mitchell, 1956).  
Perennial ryegrass mixtures are frequently used in pasture operations, such as 
those used in New Zealand, where white clover-perennial ryegrass mixtures are the 
dominant forage crop (Waghorn and Clark, 2004). When combined with alfalfa, 
perennial ryegrass does not penetrate the canopy during the summer (Jung and Shaffer, 
1993) and is much less competitive than orchardgrass (Jung et al., 1982). Legume-
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ryegrass mixtures can be of exceptional forage quality, as few grasses compare with the 
quality of perennial ryegrass (Jung et al., 1996).  
1.3 Research Objectives  
Research is needed to evaluate the yield, quality, and fermentation characteristics 
of organically managed legume-grass mixtures that may be useful on dairy farms in the 
Northeast. To this end, we investigated various combinations of legumes (alfalfa, red 
clover, and birdsfoot trefoil) and grasses (timothy, tall fescue, meadow fescue, and 
perennial ryegrass) in binary mixtures used for the organic production of high-quality 
silages. We hypothesized that the choice of legume and grass species will influence the 
yield, quality, and fermentation of legume-grass mixtures and that these effects will differ 
depending on the cutting management strategy applied. More specifically, we aim to 
address with this research: 1) evaluate the yield and quality of various legume-grass 
mixtures that are suitable for dairy farms in the Northeast, 2) evaluate multiple harvests 
and management strategies so that results reflect the seasonal forage production on farms 
in the Northeast, and 3) compare the fermentation and quality of silage made from 
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CHAPTER 2: ARTIFICIAL WILTING IN A FORCED AIR OVEN HAS MINIMAL 
EFFECTS ON SILAGE FERMENTATION AND QUALITY IN BOTH 
INOCULATED AND UNTREATED VACUUM BAG MINISILOS 
Keywords: 
artificial forage wilting, silage inoculant, laboratory-scale minisilos 
2.1 Abstract 
The dry matter content of forage material at ensiling can influence silage 
fermentation and quality but is difficult to control when numerous forage samples are 
ensiled for comparison using laboratory-scale minisilos. Conventional wilting practices 
are unpredictable due to weather variability, and a method for consistently wilting 
forages artificially could be beneficial for fermentation experiments with multiple forage 
types and sources. We hypothesized that forage material may be wilted in a controlled 
manner in a forced air oven at 55°C with little effect on silage fermentation and quality. 
To this end, two experiments were conducted evaluating field and oven-wilted material 
on alfalfa (Medicago sativa L.) and red clover (Trifolium pretense L.) forage species. 
Silage inoculation was also evaluated to determine if the artificial wilting temperature 
increased the effect of inoculation prior to ensiling. Replicated vacuum bag minisilos 
were used and samples were taken after 60 days to determine the fermentation profile and 
forage quality of the ensiled forage material. A factorial analysis of varience was used to 
anlyze the results and significance was determined at α=0.05. Artificial wilting only 
resulted in minor differences in silage fermentation and quality and many were not 
statistiacally significant. Although inoculation consistently reduced silage pH, the lack of 
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interactions with the wilting method suggests that the inoculant functioned similarly for 
both wilting methods. 
2.2 Introduction 
The fermentation of forage is a common practice in the Northeastern United 
States that can allow animal feed to be efficiently stored and fed throughout the year. 
Silage fermentation is the dominant form of forage preservation in many regions, 
especially those that rely heavily on ruminant agriculture (Oliveira et al., 2017). Despite 
the prevalence of ensiling, the vast majority of agronomic trials have historically been 
conducted utilizing non-fermented forage samples, most often harvested directly and 
artificially dried in a forced air oven. While these studies may be representative for 
certain quality parameters, some important forage quality components, such as non-
structural carbohydrates and soluble protein, have been shown to undergo substantial 
changes during silage fermentation (Du et al., 2019; Fijałkowska et al., 2015; Udén, 
2017). Furthermore, differences in animal performance have been observed when forage 
is preserved as silage, rather than hay, which suggests that these differences make a 
difference at the farm level (Sormunen-Cristian and Jauhiainen, 2001; Vagnoni and 
Broderick, 1997).  
The use of laboratory-scale minisilos has greatly improved the practicality of 
replicated experiments involving the ensiling of multiple treatments. While there is some 
evidence that minisilo fermentation differs from farm-scale fermentation (Cullison, 
1948), minisilo use and legitimacy has largely been accepted in research (Cherney and 
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Cherney, 2003; Meiske et al., 1975). Historically, minisilos have been constructed out of 
glass, due to reduced oxygen permeability. Recently, however, plastic buckets and even 
vacuum bags have been proven as effective minisilos (Johnson et al., 2005; Palić et al., 
2011). These options can make fermented forage experiments more economical and 
allow for the use of larger numbers of experimental units.  
While the use of minisilos could allow for large numbers of replicated treatments 
in agronomic silage comparisons, feasibility may still be limited by other aspects of the 
ensiling process, such as forage wilting. The dry matter content (DM) of forages prior to 
ensiling can have considerable effects on silage fermentation and quality (Marsh, 1979; 
Muck, 1987; Uchida et al., 1989; Yahaya et al., 2002). Therefore, it is desirable that 
forage DM be controlled in agronomic studies evaluating silage fermentation and forage 
quality. This can be achieved through field drying, but wilting and monitoring multiple 
treatments at the field level is frustrated by highly variable drying conditions between and 
within wilting periods (Collins and Moore, 2017), as well as the need for repeated 
sampling to determine when a targeted DM has been reached. It is also notable that 
forage drying rates, as well as the initial DM at cutting, can vary across forage species 
(Tetlow and Fenlon, 1978), soil conditions (Rotz and Chen, 1985), and maturity level 
(Collins and Moore, 2017). In an experiment conducted by Van Ranst et al. (2009), red 
clover was found to wilt more slowly than other forage species and, when simulated field 
wilting failed to complete the wilting process, wilting had to be completed in a forced air 
oven to reach the targeted DM. There was no evidence of poor fermentation in oven-
wilted forage, so artificial wilting may be a practical method that could allow for the 
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simultaneous wilting of numerous treatments and facilitate DM monitoring by sample 
weight.  
Since oven drying involves the heating of forage material, it is possible that 
alterations in the natural lactic acid bacteria (LAB) populations could result in poor or 
altered fermentation in oven-wilted forage. LAB vary in their ability to tolerate elevated 
temperatures (Chen et al., 2013) and some species, such as Lactobacillus plantarum, are 
not suited for temperatures above 40°C (Kozaki et al., 1992). The use of LAB inoculants 
is generally recommended when natural LAB populations are in question (Contreras-
Govea and Muck, 2006) and increased fermentation response would be expected when 
natural flora are not desirable for fermentation (Meeske, 2005; Muck, 1990). Since no 
research, to our knowledge, has investigated artificial wilting as a method for laboratory 
ensiling, we sought to compare inoculated and untreated forage under either field or 
artificial wilting conditions to determine if artificial wilting could be a suitable wilting 
method for minisilo experiments involving numerous treatments and replications.   
2.3 Materials and Methods 
2.3.1 Source of Forage Material  
The forage material for these experiments was grown in four seprate 4.6- x 0.46- 
meter plots at the University of Vermont Horticulture Research and Education Center 
(UVMHREC) in South Burlington, VT, USA. The study utilized a completely 
randomized block design in a factorial arrangement and consisted of two experiments 
using the perennial forage species alfalfa (Medicago sativa L. cv. ‘KF 406-AP’) and red 
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clover (Trifolium pretense L. cv. ‘Renegade’) for experiments 1 and 2 respectively. The 
alfalfa used in experiment 1 was harvested at the 40% bud stage on May 31st, 2019 and 
the red clover used in experiment 2 was harvested at the full bloom stage on July 10th, 
2019. Forage material was harvested in the same manner for both experiments 1 and 2. 
Harvesting took place between 8:30 am and 10:30 am utilizing a small plot research 
harvester (Carter MFG Co., Brookston, IN, USA) which left a stubble height of 10 cm. 
Forage material was coarsely chopped by the flails of the harvester to a variable length of 
approximately 3-18 cm. The four forage plots were harvested sequentially and forage 
material from each plot was collected in four plastic bins that were imediately put in a 
walk-in cooler at 4.5°C to remove field heat and keep the forage material fresh as wilting 
and inoculation treatments were assigned (Figure 2.1). After thorough mixing, two small 
(<100g) samples were taken from the forage material in each bin and used as duplicates 
to determine the DM content of the fresh forage using the microwave oven method 
(Shewmaker and Thaemert, 2004). This measurement was used to calculate target 
weights for each forage sample so that a consistent DM content at ensiling might be 
achieved. 
2.3.2 Wilting and Inoculation Treatments  
Forage from each respective plot was deposited onto a large table where the 
material was thoroughly mixed and any obvious weed material was removed. The 
remaining forage material was divided into quarters and each quarter was mixed and 
reduced to an 800 g sample. Two of these samples were randomly assigned to be wilted 
artificially and the other two were randomly assigned to be wilted naturally. Samples to 
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be wilted naturally were spread evenly on window screen in 60 x 80 cm slotted trays that 
were exposed to the sun on wooden pallets. Even though our field-wilted material was 
chopped prior to wilting and was not raked or merged as is commonly done in field 
wilting, we believe that our method would provide an adequate comparison for the 
purposes of this study. Arial temperature and relative humidity were recorded on site in 
15-minute intervals and are reported in Figure 2.2. Samples to be artificially wilted were 
packed in 35 x 70 cm polypropylene sample bags (Legend Inc., NV, USA) and wilted in 
a custom-built forced hot air drying room at 55°C. As wilting progressed, treatment 
weight was monitored regularly until the target weight was reached, signifying that the 
desired 45% DM content had been attained.  
One of the samples from each wilting treatment was randomly assigned to an 
inoculated or to a non-inculated control treatment. The bacterial inoculant contained 
Pediococcus pentosaceus 12455 and Propionibacterium freudenreichii R2453 
(Lallemand Co. Montréal, QC H1W 2N8, Canada) and was mixed with deionized water 
and applied to the forage with a spray bottle at a rate of 120,000 colony forming units 
(CFU) per gram of forage. Non-treated forage samples were sprayed with deionized 
water alone. The forage was mixed evenly to distribute the inoculant and was packed into 
heavy-duty 27 x 43 cm vacuum bags (FoodSaver ‘GameSaver’ polyethylene and nylon 
composite) and sealed with a FoodSaver FM3600 vacuum sealer (Sunbeam Products, 
Inc., FL, USA). After initial displacements were measured, the minisilos were incubated 
at 13°C for 60 days. Wilting and inoculation treatments were assigned and treated in a 
similar manner for experiments 1 and 2. 
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2.3.3 Silage Evaluation and Data Collection  
Final displacements were measured 60 days after the silos were sealed to evaluate 
gas release from the fermentation as demonstrated by Cai et al. (1997) and Johnson et al. 
(2005). A plastic bucket was filled to the point of nearly overflowing with water while it 
rested in a secondary container. Each minisilo was entirely submerged allowing displaced 
water to spill into the secondary container and was measured in a 1,000 mL graduated 
cylender. Care was taken to submerge the minisilos consistently and to fill the bucket to 
the same level each time. The fermentation expansion was calculated with the following 
equation:  
Fermentation Expansion = 1 −
𝐹𝑖𝑛𝑎𝑙 𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑉𝑜𝑙𝑢𝑚𝑒 
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑉𝑜𝑙𝑢𝑚𝑒
 
After final displacement measurements were completed, the silos were opened 
and the fermented forage was mixed thoroughly. The forage material was then divided 
into three subsamples for pH, fermentation analysis, forage quality/DM content analysis, 
respectively. Silage pH was measured in the following manner: 50 g of forage was 
combined with 100 mL of water and allowed to sit for 20 minutes or more. The mixture 
was then strained into a beaker and the pH was obtained using a calibrated Accumet AB 
15 pH meter (Fisher Scientific, Hampton, NH, USA). Fermentation analysis was 
conducted by a commercial feed testing laboratory (Cumberland Valley Analytical 
Services, Hagerstown, MD, USA) and included: lactic acid, acetic acid, propionic acid, 
butyric acid, and ammonia. A 25 g wet subsample was taken and diluted with 200 mL of 
deionized water. After soaking overnight, the sample was blended for two minutes and 
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filtered through coarse filter paper (20–25 μm particle retention) to collect extract. A 25 
mL extract was mixed with 75 mL of deionized water and analyzed using a Labconco 
Rapidstill II model 65200 analyser (Labconco, Kansas City, MO, USA) to determine 
ammonia (titrated with 0.1 N HCl). A 1:1 ratio of extract to deionized water was 
evaluated using a YSI 2700 Select Biochemistry Analyzer (YSI, Inc. Yellow Springs, 
OH, USA) to determine L‐lactic acid. The result was multiplied by four to obtain total 
lactic acid. A 3 mL sample of extract was filtered (0.2‐micron membrane) and a 1.0 μL 
subsample was inserted into a PerkinElmer AutoSystem gas chromatograph 
(PerkinElmer, CT, USA) to test for acetic, propionic, and butyric acid.  
Wet chemistry quality analyses were performed by the Dairy One Forage 
Laboratory (Ithaca, NY, USA) in the following manner: A 1 mm ground sample was 
analyzed by combustion using a CN628 Carbon/Nitrogen Determinator (LECO Corp., 
MI, USA) to determine crude protein (CP); soluble protein (SP) was determined using the 
Cornell sodium borate-sodium phosphate buffer procedure. Acid detergent insoluble 
crude protein (ADICP) was determined using a using a TruMac N macro determinator 
(LECO Corp., MI, USA). A neutral detergent extraction was performed according to Van 
Soest et al. (1991) with alpha amylase and sodium sulfite. Thirty hour NDF digestibility 
(NDFD) was determined by anaerobically incubating 0.25 g samples in rumen fluid at 
39ºC prior to neutral detergent extraction as reported above. Additional forage quality 
parameters were obtained by scanning dried (55°C oven), cyclone-mill ground (1 mm 
screen, Udy Corporation, Boulder, CO, USA), sample material with a Foss DS2500 near-
infrared reflectance spectrophotometer (NIRS) system (Eden Prairie, MN, USA). Spectra 
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were processed using NIR calibrations (WinISI version 4.6.11, FOSS Analytical A/S, 
Denmark) obtained through the Dairy One Forage Laboratory (Ithaca, NY, USA) to 
determine concentrations of starch, water-soluble carbohydrates (WSC), crude fat, and 
ash. Non-fiber carbohydrate (NFC) was calculated as NFC = 100 – (%Neutral Detergent 
Fiber + %Crude Protein + %Fat + %Ash) (NRC, 2001). 
2.3.4 Statistical Analysis  
Analyses were run separately for experiment 1, alfalfa, and experiment 2, red 
clover, using the following two-way factorial analysis of variance (ANOVA) model:  
Yhij = µ +ρh + αi + βj + (αβ)ij + ehij 
where Yhij = observation, µ = grand mean, ρ= block (h= replications 1-4) (ρh ~ 0,σ ρ
 2
), αi 
= wilting treatment (i= oven-wilted or field-wilted), βj = inoculation treatment (j= 
inoculated or un-inoculated control), αβ = wilting by inoculation interaction,, and ehij= 
residual error. Statistical analyses were conducted using JMP version 14.3.0 statistical 
software (SAS Institute, Cary, NC, USA) using the ‘fit model’ platform and the standard 
least squares personality. Homogeneity of variance was tested using Levene's test and 
significance for all tests was evaluated at P<0.05. Since unequal variance was observed 
between wilting methods for DM content, the analysis of variance model could not be 
used with this parameter. As a result of this, P-values are not reported for treatment 




2.4 Results and Discussion 
2.4.1 Oven Wilting Effectiveness 
We found that accurate wilting was achieved more easily through the use of 
artificial oven wilting than simulated field wilting, even though sample weight was used 
to monitor both wilting methods. Field drying conditions were generally favorable during 
both experiments (Figure 2.2) and drying conditions varied considerably throughout the 
day. As drying conditions became more favorable throughout the drying period, field 
wilting progressed  rapidly and periodic monitoring had to be increased to prevent over-
drying. Oven wilting progressed at a slower rate which resulted in oven-wilted samples 
taking several hours longer to dry than field-wilted samples. The slower and constant 
drying that occurred in artificially wilted samples improved the feasibility of periodic 
monitoring and allowed the wilting process to be halted when the targeted forage dry 
matter content was achieved. This is evidenced by the DM variability difference 
(P=0.0006) observed in the field and oven-wilted treatments used in this study (Figure 
2.3).  
2.4.2 Effect of Oven Wilting  
The effect of oven wilting for alfalfa and red clover forages is reported in Tables 
2.1 and 2.2 respectively. Although the effects of oven wilting were generally small, 
significant differences in acetic acid, ammonia, total VFA, proportional silo expansion, 
crude protein, soluble protein, NFC, and WSC were observed when comparing oven and 
field wilted alfalfa. Fewer differences were observed in the red clover experiment, but 
34 
 
small differences in pH, ammonia, soluble protein, ADICP, NDF, and NFC were detected 
for artificially wilted forage.  
Although DM did not vary by more than 3% in either experiment, field-wilted 
alfalfa had a slightly higher DM (P=0.0426) than oven-wilted alfalfa in the first 
experiment. This was probably caused by over-wilting due to monitoring difficulties 
during rapid afternoon field drying (Figure 2.2). No pH differences were observed 
between wilting treatments in alfalfa silage, but a pH reduction of 0.06 was observed for 
oven-wilted treatments (P=0.0475) in red clover silage. Kung Jr et al. (2018) suggests 
that well-fermented legume silages, fermented at a DM content of between 45 and 55%, 
should have a pH range between 4.7 and 5.0 and be free from butyric acid. While the pH 
of non-inoculated field-wilted alfalfa was slightly above this range, acceptable acidity 
was achieved in all oven-wilted treatments. Since butyric acid was not detected in any 
silages, it can be concluded that artificial wilting can result in well-fermented forage 
regardless of the use of inoculant.  
Artificial wilting did not affect lactic or propionic acid, but increased acetic acid 
(P=0.0015) in alfalfa silage. This suggests that oven wilting may favor heterolactic 
fermentation over homolactic fermentation (Hillion et al., 2018) in alfalfa, but further 
research would be necessary to elucidate the cause. A slight difference in ammonia 
content was found between wilting treatments for alfalfa (P=0.0218) and red clover 
(P=0.0162), but this effect appears to be species-dependent since oven wilting increased 
ammonia in alfalfa, but decreased ammonia in red clover. Slightly higher crude protein 
levels were observed in artificially wilted alfalfa (P=0.0142) but not in red clover. 
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Soluble protein, however, was reduced in both alfalfa (P<0.0001) and red clover 
(P=0.0002). This is unusual, since proteolytic activity generally increases at elevated 
temperatures during wilting and results in the breakdown of true protein into more 
soluble forms (Finley et al., 1980; McKersie, 1981). Because the reduction in soluble 
protein for oven-wilted alfalfa was accompanied by elevated ammonia (a soluble protein 
component), it appears that soluble true protein may be shifting into insoluble forms as a 
result of the heating involved in the oven wilting process. Protein can become insoluble 
during heating through chemical reactions with carbohydrates that form Maillard 
products (Deinum and Maassen, 1994; Ramsumair et al., 2014) which result in 
measurable increases in forage ADICP (Coblentz et al., 2010; Nuez‐Ortín and Yu, 2010). 
We observed increases in ADICP for red clover silages (P=0.0001) but not for alfalfa 
silages. This suggests that the heating involved in the artificial oven wilting process did 
favor the production of Maillard products in red clover, but not necessarily in alfalfa. 
Oven wilting of alfalfa may have caused soluble proteins to shift to protein fractions that 
are still soluble in acid detergent.  
Artificial wilting resulted in slightly higher NDF and slightly lower NFC 
concentrations than field wilting in both forage species. These differences were likely a 
byproduct of wilting rates since field wilting was more rapid than oven wilting in both 
experiments. Our results are similar to those observed by Ramsumair et al. (2014), who 
reported increases in NDF content in shade-wilted forage that was four hours slower to 
dry than sun-wilted forage. They attributed this difference to the dilution effect of 
reductions in cell solubles that are oxidized by plant respiratory activity during wilting. 
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We believe that this was the case in the present study, as evidenced by significantly lower 
WSC (P=0.0003) in artificially wilted alfalfa than in oven wilted alfalfa. Artificially 
wilted alfalfa also showed decreased fermentation expansion in relation to field-wilted 
alfalfa silage (P=0.004) but differences were not significant in red clover silages. Since 
less expansion was observed when forage material was wilted artificially, it appears that 
oven wilting may lead to lower post-ensiling dry matter losses since dry matter is often 
lost through gaseous carbon dioxide production during fermentation (Borreani et al., 
2018).  
2.4.3 Effect of Inoculation  
The effects of inoculation with a commercial silage inoculant are reported in 
Tables 2.1 and 2.2. We observed that inoculation with a combination of Pediococcus 
pentosaceus and Propionibacterium freudenreichii resulted in consistent pH reductions 
for both alfalfa (P<0.0001) and red clover (P=0.0001) silages. This is in agreement with 
the findings of Oliveira et al. (2017), who conducted an extensive meta-analysis on the 
effects of LAB inoculation on silage fermentation and quality. They found that 
inoculation significantly increased silage DM and lactic acid content, but decreased acetic 
acid, butyric acid, silage pH, ammonia, and WSC.  
We observed increased lactic acid in oven-wilted red clover silage (P=0.0001) as 
compared to field-wilted red clover. This effect was not significant in alfalfa, however. 
Both forage species exhibited reductions in acetic acid and ammonia when inoculated 
prior to ensiling and the reduction in ammonia appears to be at least partially responsible 
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for the differences observed in silage pH. In inoculated alfalfa silage, we also observed 
reductions in soluble protein (P=0.0026) and WSC (P=0.0334), as well as elevated crude 
fat concentrations (P=0.0431) and propionic acid levels (P=0.0022). Since ammonia is a 
constituent of soluble protein, the difference observed in soluble protein is likely 
associated with the ammonia reduction. A slight reduction in CP was observed in 
inoculated red clover silage, but this effect was not present with alfalfa. 
The Propionibacterium freudenreichii used in this study appeared to successfully 
increase the propionic acid in alfalfa, but not red clover. The production of propionic acid 
by Propionibacterium spp. is desirable for silage aerobic stability, but inoculation effects 
are somewhat inconsistent (Merry and Davies, 1999). The lack of propionic acid in red 
clover silage suggests that the Propionibacterium freudenreichii may have competed 
poorly during the fermentation of red clover, but more research would be necessary to 
determine if a species effect exists. Few studies have found a consistent relationship 
between silage inoculation and crude fat content, but Bayorbor et al. (1993) observed 
elevated crude fat levels in guineagrass treated with enzymes and lactic acid bacteria 
prior to ensiling. 
A final inoculation effect that was only observed in alfalfa silage was the 
reduction of volumetric fermentation expansion (P=0.0173). This is not surprising since 
numerous studies have found that inoculation with LAB reduces dry matter losses during 
ensiling (Borreani et al., 2018; Muck and Kung Jr, 1997; Muck et al., 2018; Oliveira et 
al., 2017) and gases would ordinarily be lost from the silo. Furthermore, inoculation 
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could mitigate greenhouse gas emissions from fermentation since carbon dioxide is a 
common byproduct of reactions that take place in ensiled forages (Hillion et al., 2018).  
Overall, inoculation was effective at improving the fermentation of both legume 
species and inoculated treatments were well within the guidelines for well-fermented 
legume forages suggested by Kung Jr et al. (2018). The lack of wilting x inoculation 
interactions for both experiments (Tables 2.1 and 2.2) suggests that inoculation effects 
were consistent across wilting methods for both forage species. Even though inoculation 
may be an effective means of promoting consistent minisilo fermentation, it does not 
appear to be any more necessary when forage material is artificially wilted compared to 
field-wilted. 
2.5 Conclusion 
Compared to field wilting, artificial oven wilting at 55°C allows for better control 
and more consistent wilting of numerous forage samples when ensiling with laboratory-
scale minisilos. The oven wilting method used here has been used in additional 
experiments (Chapter 4) in which 45 minisilos were simultaneously wilted to a targeted 
DM of 45% in a given experiment. Experiments were repeated on multiple cuts for a total 
of 270 minisilos. The DM frequency distribution (Figure 2.4) demonstrates that artificial 
oven wilting can allow for the consistent wilting of numerous forage treatments. 
We found that artificial wilting had minimal effect on fermentation products and 
forage quality. The differences that were observed were likely the result of longer wilting 
times in artificially wilted treatments. It is possible that the shorter wilting time in the 
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field-wilted treatment was partially related to material being chopped prior to wilting, but 
we believe that the difference was primarily due to the excellent drying conditions on the 
day of wilting for both studies. Reduced soluble protein and increased ADICP suggests 
that Maillard reactions may be increased by artificial wilting at 55°C. For this reason, 
oven wilting should be accomplished as quickly as possible without increasing wilting 
temperatures. 
We observed consistent inoculation effects on silage pH, acetic acid, and 
ammonia, but no consistent interactions between wilting method and inoculation status 
were evident. We therefore conclude that the inoculant performed similarly in both field 
and oven-wilted forages. This suggests that heating during the oven wilting process did 
not significantly impair natural LAB communities. Although a greater inoculant response 
was not observed in oven-wilted forages, the inoculant had a positive effect on silage 
preservation in both species, and inoculation should be considered as a recommended 
method to promote adequate and consistent preservation in laboratory minisilo 
experiments. Inoculation could be combined with artificial oven wilting to improve the 
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Experiment 2-Red Clover, 07/10/2019
Figure 2.2. Drying conditions as measured by temperature and relative humidity during wilting days

















Table 2.1. Least squares means of naturally and artificially wilted first cut alfalfa that was ensiled directly (Ctrl.)
                 or treated with a microbial innoculant prior to ensiling (Innoc.).
Item
a
Innoc. Ctrl. Innoc. Ctrl. SE Wilting Innoc. Wilting x Innoc.
DM Content  (g kg
-1 
silage) 462 444 445 434 6.56 N/A N/A N/A
Silage pH Content 4.52 5.13 4.56 4.99 0.05 N.S. <.0001 N.S.
Lactic Acid (g kg
-1
 DM) 69.0 71.3 73.5 74.5 1.91 N.S. N.S. N.S.
Acetic Acid  (g kg
-1
 DM) 10.6 14.9 15.3 25.6 2.19 0.0015 0.0021 N.S.
Propionic Acid  (g kg
-1
 DM) 0.00 0.48 0.20 0.75 0.16 N.S. 0.0022 N.S.
Butyric Acid  (g kg
-1
 DM) N.D. N.D. N.D. N.D. N/A N/A N/A N/A
Ammonia  (g kg
-1
 DM) 18.8 23.0 22.0 25.4 1.77 0.0218 0.0051 N.S.
Total VFA  (g kg
-1
 DM) 79.6 86.1 88.8 100.1 2.91 0.0002 0.0015 N.S.
Proportional Silo Expansion 0.09 0.41 -0.02 0.03 0.07 0.004 0.0173 N.S.
Crude Protein  (g kg
-1
 DM) 209 205 214 214 4.03 0.0142 N.S. N.S.
Soluble Protein  (g kg
-1
 CP) 648 675 578 603 9.49 <.0001 0.0026 N.S.
ADICP  (g kg
-1
 DM) 10.0 11.3 10.8 13.3 1.16 N.S. N.S. N.S.
NDF  (g kg
-1
 DM) 384 387 399 402 5.07 0.0003 N.S. N.S.
30 hr NDFD  (g kg
-1
 NDF) 558 525 543 528 12.5 N.S. N.S. N.S.
NFC  (g kg
-1
 DM) 276 277 257 254 6.88 0.0003 N.S. N.S.
Starch  (g kg
-1
 DM) 27.8 27.8 25.3 22.8 4.46 N.S. N.S. N.S.
WSC  (g kg
-1
 DM) 74.5 79.8 58.3 66.0 4.13 0.0003 0.0334 N.S.
Crude Fat  (g kg
-1
 DM) 34.5 32.0 35.5 34.0 1.22 N.S. 0.0431 N.S.
Ash  (g kg
-1
 DM) 105 105 106 108 2.19 N.S. N.S. N.S.
a DM= dry matter, VFA=volatile fatty acid, NDICP = neutral detergent insoluble crude protein,  NDF= neutral detergent
    fiber, NDFD= neutral detergent fiber digestibility, NFC = non-fiber carbohydrate, WSC = water-soluble carbohydrate
N.D.= not determined
N/A= non-applicable
N.S.= not significant 





Table 2.2. Least squares means of naturally and artificially wilted second cut red clover as ensiled directly (Ctrl.)
                 or treated with a microbial inoculant prior to ensiling (Innoc.).
Item
a
Innoc. Ctrl. Innoc. Ctrl. SE Wilting Innoc. Wilting x Innoc.
DM Content  (g kg
-1 
silage) 463 459 436 435 9.67 N/A N/A N/A
Silage pH Content 4.36 4.53 4.32 4.46 0.04 0.0475 0.0001 N.S.
Lactic Acid (g kg
-1
 DM) 54.0 36.0 60.0 38.8 3.14 N.S. 0.0001 N.S.
Acetic Acid  (g kg
-1
 DM) 16.0 23.8 17.2 26.5 1.80 N.S. 0.001 N.S.
Propionic Acid  (g kg
-1
 DM) N.D. N.D. N.D. N.D. N.D. N/A N/A N/A
Butyric Acid  (g kg
-1
 DM) N.D. N.D. N.D. N.D. N.D. N/A N/A N/A
Ammonia  (g kg
-1
 DM) 10.3 12.1 9.4 10.6 0.58 0.0162 0.0063 N.S.
Total VFA  (g kg
-1
 DM) 70.0 59.8 77.2 65.3 4.09 N.S. 0.0146 N.S.
Proportional Silo Expansion 0.02 0.25 -0.06 0.00 0.12 N.S. N.S. N.S.
Crude Protein  (g kg
-1
 DM) 183 185 179 186 2.39 N.S. 0.0415 N.S.
Soluble Protein  (g kg
-1
 CP) 345 335 298 290 11.6 0.0002 N.S. N.S.
ADICP  (g kg
-1
 DM) 13.5 13.8 20.3 21.3 0.97 0.0001 N.S. N.S.
NDF  (g kg
-1
 DM) 363 356 390 389 4.09 <.0001 N.S. N.S.
30 hr NDFD  (g kg
-1
 NDF) 493 473 465 478 13.8 N.S. N.S. N.S.
NFC  (g kg
-1
 DM) 323 329 300 295 4.29 <.0001 N.S. N.S.
Starch  (g kg
-1
 DM) 70.5 64.3 64.3 65.8 6.31 N.S. N.S. N.S.
WSC  (g kg
-1
 DM) 67.3 68.8 64.8 67.5 2.62 N.S. N.S. N.S.
Crude Fat  (g kg
-1
 DM) 31.3 30.5 28.5 31.0 1.33 N.S. N.S. N.S.
Ash  (g kg
-1
 DM) 72.8 76.6 72.6 79.8 2.86 N.S. N.S. N.S.
a DM= dry matter, VFA=volatile fatty acid, ADICP = Acid detergent insoluble crude protein,  NDF= neutral detergent
    fiber, NDFD= neutral detergent fiber digestibility, NFC = non-fiber carbohydrate, WSC = water-soluble carbohydrate
N.D.= not determined
N/A= non-applicable
N.S.= not significant 
 Field-Wilted  Oven-Wilted              Probability > F             
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CHAPTER 3: THE YIELD AND QUALITY OF 12 BINARY LEGUME-GRASS 
MIXTURES UNDER INTENSIVE AND DELAYED CUTTING MANAGEMENT 
ON LOAMY SAND SOIL IN NORTHEASTERN VERMONT 
Keywords: 
Legume-grass mixtures, forage quality, delayed cutting management  
3.1 Abstract  
Binary legume-grass mixtures can provide numerous agronomic and nutritional 
benefits over legume and grass monocultures, and yet, relatively few studies have 
examined numerous legume-grass combinations and integrated yield and quality by 
modeling milk production per land unit. Furthermore, few studies have evaluated the 
effect of delayed hay-crop harvesting on the yield and quality of legume-grass mixtures. 
To this end, we evaluated the effect of intensive and delayed management strategies on 
the yield and quality of 12 legume-grass mixtures created by combining alfalfa, red 
clover, or birdsfoot trefoil with timothy, tall fescue, meadow fescue, or perennial 
ryegrass. Mixtures were planted in a split-split plot design and managed for two growing 
seasons. Field measurements were taken for yield and botanical composition and samples 
were analyzed by near infrared spectroscopy (NIRS) to determine crude protein (CP), 
non-fiber carbohydrates (NFC), non-soluble carbohydrates (NSC), neutral detergent fiber 
(NDF), 30-hour NDFD, 240-hour NDFD, relative forage quality (RFQ), and estimated 
milk per hectare. The results of an analysis of covariance (ANCOVA) test showed that 
using a delayed cutting strategy increased NDF content and decreased CP, NFC, NSC, 
30-hour NDFD, 240-hour NDFD, and RFQ. Reductions in quality combined with lower 
average dry matter yields resulted in losses of 3,310 kg of milk ha
-1
. Mixtures containing 
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alfalfa significantly outperformed red clover-grass mixtures and birdsfoot trefoil-grass 
mixtures in plot yield and milk ha
-1
 during 2018. Birdsfoot trefoil-grass mixtures showed 
exceptional quality but failed to produce significantly higher milk ha
-1
 than alfalfa-grass 
mixtures, even when alfalfa and red clover suffered from severe winter injury in the 
second year. Red clover-grass mixtures were consistently lower in quality than mixtures 
containing the other legumes and showed the highest yield reduction when delayed 
cutting management was used. Binary mixtures that included perennial ryegrass were 
high in quality but were significantly lower in yield in most cases. Thus, yield differences 
were not offset by higher quality in terms of milk ha
-1
. The opposite was true for legume-
timothy mixtures. These results suggest that milk ha
-1
 is primarily driven by yield and 
that care should be taken to select legume and grass species for binary mixtures that meet 
the yield and quality goals of the operation.  
3.2 Introduction 
Legumes and grasses are often grown in binary mixtures because their 
combinations are generally considered to be more resistant to environmental fluctuations, 
making them more dependable in the long-term (Chamblee, 1972; Rhodes, 1970). 
Symbiotic associations between grasses and nitrogen-fixing legume species have been 
described (Fitton et al., 2019; Nyfeler et al., 2011; Thilakarathna et al., 2016), and this 
may be the primary reason that legume-grass mixtures are regularly reported to out-
produce legume and grass species in monoculture (Bessler et al., 2009; Helgadóttir et al., 
2018; Hooper and Dukes, 2004; Nyfeler et al., 2009; Sanderson et al., 2013).  
Furthermore, combining legumes and grasses has been reported to result in improved 
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seasonal distribution (Sleugh et al., 2000), lower weed abundance (Sanderson et al., 
2013; Sturludóttir et al., 2014), and even increased soil carbon and microbial activity 
(Bhandari et al., 2018; Dhakal and Islam, 2018).  
In addition to productivity, forage legume-grass mixtures must also be of 
sufficient nutritional quality to satisfy animal requirements and meet milk production 
goals. Research has shown that adding legumes to perennial forage grasses generally 
increases forage quality and animal performance without sacrificing yield (Ribeiro Filho 
et al., 2003; Waldron et al., 2019). While relatively few studies have focused explicitly 
on the quality of legume-grass mixtures, Xue et al. (2020) found that positive associative 
effects lead to higher forage quality in alfalfa-orchardgrass mixtures than in either alfalfa 
or orchardgrass monocultures.  
Numerous legume and grass species are available for hay-crop production in 
temperate climates and countless legume-grass combinations are possible. Although 
mixture performance is thought to be related to individual species performance (Jackobs, 
1952; Ridgman et al., 1956), legume-grass interactions have been found in some mixtures 
(Chamblee, 1972) and must be considered. In order to make informed decisions on which 
species combinations to use for hay-crop production, it is imperative that mixtures be 
compared in ways that accounts for both dry matter yield and forage quality.  
Forage quality indexes have been used to compare various forages of differing 
types and maturities and to rate them according to their overall nutritional value. Relative 
feed value (RFV) was introduced for this purpose (Rohweder et al., 1978), but this 
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calculation estimated digestibility using fiber content alone and failed to account for 
differences in fiber quality. RFQ has been introduced more recently and addresses these 
concerns by adjusting dry matter intake predictions and total digestible nutrients (TDN) 
according to measured fiber digestibility (Moore and Undersander, 2002). 
Modeling potential milk production by forages is another approach that can be 
used to integrate multiple quality parameters and can even be combined with crop 
productivity to calculate milk per land unit (Undersander et al., 2006). This can be 
informative since yield and quality are accounted for by a single term (Undersander et al., 
1993), yet few studies have taken this approach when evaluating legume-grass mixtures. 
Zemenchik et al. (2002) used an early milk prediction model to compare mixtures of kura 
clover or birdsfoot trefoil with Kentucky bluegrass, smooth bromegrass, or orchardgrass 
and found that estimated milk production varied by legume-grass combination. A similar 
approach was used by Bélanger et al. (2017) on various legume-grass mixtures in eastern 
Canada. In this study, harvest management was also evaluated by comparing plots under 
grazing and frequent cutting systems. Mixtures performed differently under each harvest 
strategy, indicating that management must be considered when evaluating legume-grass 
forage mixtures.  
No study, to our knowledge, has compared commonly-grown legume species such 
as alfalfa, red clover, or birdsfoot trefoil and their combinations with various forage 
grasses and tested the effect of delaying hay-crop harvest on mixture yield and quality. 
Our objective in the following experiment was to compare the yield, quality, and 
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modeled milk production of various legume-grass mixtures under intensive and delayed 
harvest management in northeastern Vermont.  
3.3 Materials and Methods 
The experiment was conducted at the University of Vermont Horticulture 
Research and Education Center (HREC) in South Burlington, Vermont (44°25’N; 
73°12’W) over the 2018 and 2019 growing seasons. The site had an excessively drained 
deep Windsor loamy sand soil (Mixed, mesic Typic Udipsamments) with a < 5% slope. 
Site preparation consisted of plowing the existing sod followed by repeated cultivation 
prior to the planting date of August 10, 2017.  All plots were seeded at a fixed rate of 
1076 pure live seeds/m
2
 with a five-row research plot seeder (Carter MFG Co., 
Brookston, IN, USA) that planted at a 15.25 cm row spacing. Each plot was created with 
two passes of the seeder leaving a 30.5 cm spacing between plots. Final plots were 1.5 m 
wide and 6.1 m long. Binary legume-grass mixtures were planted as 65% legume and 
35% grass.  
On the day after seeding, the site was firmed with a cultipacker (Brillion Iron 
Works, Brillion, WI, USA) to ensure optimal seed-to-soil contact. Due to drouthy 
conditions following seeding, some of the grasses germinated poorly, particularly in dry 
sections of the site. Variable germination and competitive legume growth led to 
considerable variation in the grass component of the legume-grass mixtures across 
treatments and replications (Tables 3.1 and 3.2). Mechanical clipping was used twice in 
the establishment year to control annual weeds: once on October 4, 2017 and once on 
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November 8, 2017. Annual and perennial weeds were managed by selective hand 
weeding throughout the remainder of the study. The study was managed organically to 
optimize nitrogen fixation by legume species. Fertility was managed with a single 
fertilizer application on September 24
th
, 2018 using dried poultry litter (4-3-3, North 
Country Organics, VT, USA) and sulfite of potash (Diamond K Gypsum, UT, USA) to 
provide 22.4 kg ha
-1
 of phosphorous and 224.2 kg ha
-1
 of potassium in accordance with 
University of Vermont soil test recommendations.  
3.3.1 Treatments  
Plots were configured in a split-split plot design with four replicates. Replicates 
were arranged in blocks to account for soil variability at the site, and whole-plots, sub-
plots, and sub-sub-plots were randomized within each replicate at each level. The whole-
plot effect consisted of two cutting management strategies: intensive cutting management 
and delayed cutting management. The intensive management was intended to simulate a 
four-cut strategy that might be used by farms seeking high-quality forage fiber.  Intensive 






, and September 6
th







, and September 25
th
 in 2019. The delayed cutting management 
strategy was intended to simulate a three-cut strategy that might be used to maximize 





, and August 23
rd
 in 2018 and this resulted in a regrowth period that was 
approximately five days longer than that of intensive cuttings. The delayed cutting 
management treatment had to be removed from the study in 2019 since insufficient 
replications survived the 2018/19 winter to allow for two cutting management strategies. 
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Seasonal weather data was recorded during the study period and accumulated 
precipitation and heat units (GDD) are reported in Figure 3.1. 
The sub-plot effect consisted of three forage legumes: alfalfa (Medicago sativa L. 
cv. ‘KF 406-AP’), red clover (Trifolium pretense L. cv. ‘Freedom’), and birdsfoot (Lotus 
corniculatus L. cv. ‘AC Bruce’). Each of these three legume species was combined with 
a grass species treatment forming the sub-sub plot effect. The five grass treatments were 
as follows: no grass, timothy (Phleum pretense L. cv. ‘Summit’), tall fescue 
(Schedonorus arundinaceus cv. ‘Kora’), meadow fescue (Festuca pratensis cv. ‘Preval’), 
and perennial ryegrass (Lolium perenne L. cv. ‘Tivoli’).  
3.3.2 Sampling and Data Collection   
Data for each harvest (cut) were collected in the following manner: For harvests 
prior to the delayed second cut on July 16
th
 2018, four quarter-meter quadrat samples 
were taken from the middle of each plot at randomly assigned locations across the length 
of the plot. Each quadrat was cut at a height of 10 cm using handheld electric clippers 
(Gardena Accu Grass Shears ComfortCut, Husqvarna Professional Products Inc., NC, 
USA). Plot sampling was blocked by replication across the sampling day to minimize 
diurnal variability in quality and sample material was subsampled and partially processed 
in the field directly after sampling. Quadrat material from each plot was combined, 
weighed, and then mixed prior to subsampling. One subsample (Subsample A) of 
approximately 200-300 g was taken for quality and dry matter content determination. The 
remainder of the forage sample was saved and used to determine plot botanical 
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composition (Subsample B). If excessive material remained, the material was subdivided 
and reduced to a variable but manageable size. These samples were stored in 25 x 60 cm 
polypropylene sample bags (Legend Inc., NV, USA) in a cooled location until they could 
later be hand-separated and dried to determine botanical composition.  
Sampling proceeded with slightly different methodology during the July 16
th
, 
2018 delayed second cut and all remained adapted for remaining harvests in 2018 and 
2019. The harvesting methodology was modified in the following manner to increase 
sampling efficiency and reduce the risk of sampling error due to quadrat placement: 
Subsample A (quality analysis) was taken from a mixed, partially-chopped forage sample 
that was collected by using a small plot research harvester (Carter MFG Co., Brookston, 
IN, USA) that cut a 0.9 m wide swath out of the center of each plot. The harvester was set 
to leave a 10 cm stubble height and was also used to measure the wet yield of the entire 
plot. Since botanical separation is difficult on chopped material, forage for botanical 
composition sampling (Subsample B) had to be collected before the small plot harvester 
was used. This was done by cutting four 7 cm wide swaths across the width of the plot at 
random locations over the length of the plot and combining them into a single sample for 
hand separation. Prior to each harvest, each plot was visually rated for legume and grass 






3.3.3 Sample Processing and Analysis  
Samples taken for quality analysis (Subsample A) were immediately microwaved 
at 100% power in a 700-watt tabletop microwave (Sharp Inc. NJ, USA) for two or three 
minutes or until the sample was heated to approximately 70°C. This was done to preserve 
rapidly degraded nutrients as demonstrated by Pelletier et al. (2010) and Goossen et al. 
(2018). Subsample A was contained in 35 x 70 cm polypropylene sample bags (Legend 
Inc., NV, USA) that allowed the forage samples to be later dried in a custom-built forced 
air drying room at 55°C for 48 hours. The dry weight from this sample along with its 
initial wet weight were used to calculate the dry matter (DM) content of the initial forage 
and calculate DM yield based on the area of the harvested quadrats. Samples were dried 
in a custom-built forced air oven at 55°C for 48 hours or more. Dried samples were 
ground to pass through a 2 mm screen with a Wiley mill (Arthur H. Thomas Co., 
Philadelphia, PA, USA) and a cyclone forage mill (UDY Corporation, Fort Collins, CO, 
USA) to pass through a 1 mm screen. Dried and ground samples were then analyzed with 
a DS2500 near infrared reflectance spectroscopy machine (FOSS NIRS DS2500; MN, 
USA). Reflectance spectra were analyzed with calibrations from a commercial feed 
testing laboratory (Dairy One Inc., NY, USA) to determine: crude protein (CP), non-fiber 
carbohydrates (NFC), non-soluble carbohydrates (NSC), neutral detergent fiber (NDF), 
30-hour NDF digestibility (30 hr NDFD), 240-hour NDF digestibility (240 hr NDFD), 
relative forage quality (RFQ), and calculated milk per hectare. The calibration for CP was 
based on wet chemistry in accordance with AOAC 990.03. NFC was calculated as NFC = 
100 – (%Neutral Detergent Fiber + %Crude Protein + %Fat + %Ash) (NRC, 2001) and NSC 
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was calculated as water-soluble carbohydrates (WSC) + starch as calculated by Ince et al. 
(2011) (hot water extraction and glucoamylase enzyme degradation methods used for WSC 
and starch, respectively). Neutral detergent fiber calibrations were created using the method 
described by Van Soest et al. (1991) with alpha amylase and sodium sulfite (NDF 
digestibility as described by (Goering and Van Soest, 1970) with anaerobic incubation at 
39°C for the specified time). The MILK2006 model (Undersander et al., 2006) was used to 
calculate the relative forage quality index (RFQ) and milk per hectare. Dry matter intake 
adjustments were made to account for fiber digestibility in accordance with Oba and Allen 
(1999) for RFQ and Oba and Allen (2005) for milk per hectare. Samples were categorized as 
grass or legume based on the difference between neutral and acid detergent fiber (samples 
with differences greater than 16 were treated as grass samples). NRC 2001 equations were 
used to calculate total digestible nutrients (used in RFQ) and metabolizable energy (used in 
milk per hectare).   
3.3.4 Statistical Analysis  
For reporting and analysis, the 2018 season quality results for each cut were 
weighted by plot yield for each cut and summed for the entire season. This was done to 
represent the quality of the total forage produced by each plot throughout the growing 
season. These data were analyzed using JMP version 14.3.0 (SAS Institute, Cary, NC, 
USA) to conduct an analysis of covariance test (ANCOVA) using the fit model platform 
with standard least squares. The proportion of grass, as measured by hand separation, was 
included as a covariate in this analysis to control for variation in yield and quality due to 
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botanical composition. The following linear model was used to run a split-split-plot 
analysis of covariance (ANCOVA):  
Yhijk = µ +ρh + αi + dih      (whole plot level) 
+ βj + (αβ)ij +δijh      (split plot level) 
+γk+ (αγ)ik+ (βγ)jk+ (αβγ)ijk+ v(xhijk - x̅) + ehijk  (split-split plot level) 
 
where Yhijk = observation, µ = grand mean, ρ= block (h= replications 1-4) (ρh ~ 0,σ ρ
 2
), αi 
= management treatment (i= intensive or delayed), dh(i) = error associated with 
management treatment (d ~ 0,σd
2
), βj = legume treatment (j= alfalfa, red clover, or 
birdsfoot trefoil), αβ = management x legume interaction, δijh = error associated with 
legume treatment (δijh = 0,σd
2
), γ=grass treatment (k= timothy, tall fescue, meadow 
fescue, perennial ryegrass, or no grass), αγ= management x grass interaction, βγ =legume 
x grass interaction, αβγ = management x legume x grass interaction, v = the regression 
coefficient for the covariate x, x = covariate proportion of grass (x̅ = the mean of x), and 
ehijk = residual error.  
The results from the 2019 season could not be weighted by yield as done in 2018 
due to incomplete yield and quality data over the season. Therefore, statistical analysis 
was run on each cut individually to test the effects of legume, grass, and legume x grass. 
Since only one cutting management could be applied during 2019 (due to plot loss from 
winter injury), a simplified model was used for analysis: 
Yhij = µ +ρh + αi + dih + βj + (αβ)ij + v(xhij - x̅) + ehij 
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where Yhij = observation, µ = grand mean, ρ= block (h= replications 1-4) (ρh ~ 0,σ ρ
 2
), αi 
= legume treatment (i= alfalfa, red clover, or birdsfoot trefoil), dih = error associated with 
legume treatment (d ~ 0,σd
2
), βj = grass treatment (j= timothy, tall fescue, meadow 
fescue, perennial ryegrass, or no grass), αβ = legume by grass interaction, v = the 
regression coefficient for the covariate x, x = covariate mixture proportion of grass (x̅ = 
the mean of x), and ehij = residual error.  
For both years, A priori least squares means contrasts (student’s t-test) were used 
to compare treatment groups when ANCOVA fixed effect significance was found. 
Results for all tests were considered significant at P<0.05.   
3.4 Results and Discussion 
Considerable variability was present in the botanical composition of the legume-
grass mixtures across treatments, cuts, and years (Tables 3.1 and 3.2). On average, less 
grass was present in mixtures that used delayed cutting management. This is in agreement 
with the findings of Wolf and Smith (1964) who evaluated legume-grass mixtures under 
a three and five cut system. Birdsfoot trefoil mixtures generally had the highest grass 
proportion across cuts and years. We attribute this to the slow establishment and less 
vigorous growth habit of the trefoil which appeared to be much less competitive with the 
grass than red clover and especially alfalfa. We observed substantial botanical 
composition variation by year in that the average grass proportion in 2019 was more than 
double that of 2018. This likely resulted from a combination of reduced legume 
populations from winter injury and unseasonably wet conditions during the first two 
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growth periods in 2019 (Figure 3.1). The 2018 season was also anomalously hot and dry 
which probably favored the legumes species and caused unusually low grass productivity. 
Botanical composition differences appear to have influenced our results for each year. 
The greater proportion of grass in 2019 likely allowed for better comparison between 
grass species since grass contributed more to each mixture sample in these harvests. In 
both years, the grass proportion was generally lower in the third cut than other cuts. 
Kalton and Wilsie (1953) investigated alfalfa-bromegrass mixtures and also observed 
decreased grass proportions in mid-summer cuttings.  This may be because the legumes 
were better able to exploit deep soil moisture in the hot and dry conditions generally 
preceding the third cut. It is important to note, however, that this pattern was not 
necessarily consistent across all grasses. Tall fescue mixtures, for example, generally 
maintained their grass proportion throughout the entire season.  
3.4.1 Crude Protein  
Crude protein (CP) has long been used as a measure of forage quality since it 
aims to quantify nitrogenous substances in forages that may be utilized by ruminants to 
meet their dietary requirements. While CP  is a crude estimate (nitrogen content x 6.25) 
and does not address specific amino acid supplies, the ability of rumen microbes to 
transform various forms of nitrogen into a variety of amino acids has allowed CP to 
remain a valuable forage quality measurement (Schwab and Broderick, 2017). CP 
requirements for the highest producing mid-lactation cows range from 14.2 to 18.2% of 
the ration when a higher forage diet (>60% of DM) is fed (NRC, 2001). 
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In our study, a slight difference in CP (11 g kg
-1
) was observed when cuttings 
were delayed (Table 3.3). This difference would likely have been larger if birdsfoot 
trefoil-grass mixtures were excluded since they did not decline when cuttings were 
delayed as compared to alfalfa and red clover mixtures (Figure 3.2-A). This suggests that 
birdsfoot trefoil can be used in mixtures under delayed management to maintain CP 
levels. While some studies have suggested that birdsfoot trefoil remains relatively high in 
quality even when harvest is delayed (Marten and Jordan, 1979; Taylor et al., 1973), the 
rate of CP decline is generally considered to be consistent with that of other legumes 
(Buxton et al., 1985; Cassida et al., 2000; Hoffman et al., 1993).  
Legume differences in CP were also small and were not consistent between years. 
In 2018, alfalfa-grass and birdsfoot trefoil-grass mixtures, on average, contained slightly 
more CP than red clover-grass mixtures (Table 3.3). This relationship was not observed 
in any cuttings in the 2019 season. During the first two harvests in 2019, alfalfa-grass 
mixtures were found to be slightly lower in CP when compared to red clover-grass and 
birdsfoot trefoil-grass mixtures (Tables 3.4 and 3.5). This may have resulted from the 
anomalously cool and wet conditions that preceded these cuts in 2019 (Figure 3.1) since 
cool and wet conditions have been shown to reduce nitrogenous compounds in alfalfa 
(Walgenbach, 1980).  
Little difference in CP was observed between mixture grasses throughout the 
study and they only occurred in cuts 1 and 3 in 2019 (Tables 3.4 and 3.6). In these cases, 
perennial ryegrass mixtures stood out from other legume-grass mixtures as having 
slightly higher CP while timothy mixtures were slightly lower in CP. According to Jung 
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et al. (1996a), perennial ryegrass is typically higher in forage quality then other cool 
season grasses, and Jung et al. (1996b) found that, in alfalfa-perennial ryegrass mixtures, 
the CP content of the ryegrass component increased with maturity as a result of symbiotic 
interactions between the species. In contrast, timothy was found to be among the lowest 
in CP out of the six cool season grasses compared by Hockensmith et al. (1997). A 
significant legume x grass interaction was present in cut 1 in 2019 but also in the 
weighted cut averages from 2018. In both cases, the use of timothy, tall fescue, or 
meadow fescue appeared to depress CP levels in birdsfoot trefoil mixtures but not in 
alfalfa or red clover mixtures (Figures 3.4 and 3.5). This seems to suggest that a shorter 
and less competitive grass species, such as perennial ryegrass, may be more valuable in 
mixture with birdsfoot trefoil than when mixed with alfalfa or red clover.  
3.4.2 Non-Fiber and Non-Structural Carbohydrates  
Carbohydrates provide the vast majority of energy in ruminant diets (NRC, 2001), 
and some forms of carbohydrates (e.g. sugars, starches, and pectins) are almost entirely 
(98%) digestible (Van Soest, 1982). As an energy source, these carbohydrates are 
available for microbial protein synthesis more rapidly than fibrous carbohydrates (Hall 
and Herejk, 2001), and they can contribute a substantial amount of energy to ruminants 
without limiting gut fill. Non-structural carbohydrate (NSC) and non-fiber carbohydrate 
(NFC) are two analytical fractions that include these types of carbohydrates and are 
commonly measured in forages. NSC is the summation of extracted water-soluble 
carbohydrates and enzymatically-measured starch (Ince et al., 2011). NFC is calculated 
by difference and is the remainder when neutral detergent fiber (NDF), CP, crude fat, and 
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ash are subtracted from forage dry matter (NRC, 2001). While NFC theoretically contains 
everything included in NSC, it also includes pectin, small amounts of beta-glucans, and 
organic acids (Udén, 2017).  
In the present study, we examined both NFC and NSC as potential sources of 
digestible forage energy. NFC and NSC generally followed similar patterns even though 
they were numerically different. Both NFC and NSC were reduced when delayed harvest 
management was used and responded similarly to the legume species used in the mixture 
(Table 3.3). For NFC, a legume x management interaction was present suggesting that 
alfalfa mixtures may drop more in NFC than red clover or trefoil mixtures when harvests 
are delayed (Figure 3.2-B). In 2018, alfalfa-grass mixtures were lowest in both metrics. 
Trefoil-grass mixtures were highest in terms of NSC, but did not differ from red clover 
mixtures in NFC (Table 3.3). In 2019, only NSC in the second cut had a significant 
legume effect. In this case, both alfalfa-grass mixtures and trefoil-grass mixtures were 
greater in NSC than red clover-grass mixtures but were not different from each other 
(Tables 3.4-3.6). Significant legume x grass interactions were present for NFC for cut 1 
in 2019 (Figure 3.5-B) along with yield-weighted NFC for 2018 (Figure 3.4-B), but 
these relationships were not consistent with each other. It also appears that they may have 
been influenced by NDF since NFC is calculated by difference and significant NDF 
interactions were present. The legume x grass interaction for NSC for 2019 cut 1 (Figure 
3.5-B) showed little difference in NSC between grass treatments for alfalfa-grass and red 
clover-grass mixtures but reduced NSC in trefoil-timothy mixtures and elevated NSC in 
trefoil-perennial ryegrass mixtures. Perennial ryegrass accumulates higher levels of 
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fructans when compared with other grasses (Watts, 2009). It may be that, since both 
birdsfoot trefoil and perennial ryegrass were comparatively shorter than other species, the 
ryegrass was able to accumulate more fructans as a result of reduced competition for 
light.  
3.4.3 Forage Fiber Content and Digestibility 
Although generally less digestible and more slowly degraded than NFC, forage 
fiber is an essential energy and effective fiber source for ruminants and is measured as 
neutral detergent fiber (NDF) residue after forage is boiled in neutral detergent and rinsed 
(NRC, 2001). NDF content increases with plant maturity but can vary substantially 
between species (e.g., grasses vs. legumes) (Van Soest, 1982). Forages with similar NDF 
content may vary in their net energy content due to differing fiber digestibility (NRC, 
2001). Therefore, it is important to evaluate fiber digestibility when comparing perennial 
forage mixtures. We chose to evaluate fiber digestibility at the 30- and 240-hour time 
points to characterize digestibility likely achieved by ruminants (30 hours) (Wattiaux and 
Howard, 2000) as well is the potentially digestible NDF fraction (240-hour NDFD) 
which is associated with dry matter intake potential (Valentine et al., 2019).  
As would be expected, delaying harvest significantly (P=0.0008) increased the 
NDF content and decreased both 30- and 240-hour NDFD (Table 3.3). Legume by 
management interactions were also present for both digestibility time points. These 
showed that NDFD did not decrease in red clover-grass mixtures (Figures 3.2-D and 
3.3-B) as it did in alfalfa-grass and trefoil-grass mixtures even though NDF content still 
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increased with delayed cutting (Figure 3.2-C). With intensive management in both years, 
NDF content was not different amongst the three legume treatments. However, with the 
delayed harvest management in 2018 (Fig 3.2-C), red clover had a significantly higher 
NDF content. Despite minimal overall differences in NDF content amongst legumes, 
digestibility consistently differed in 2018 and 2019 with birdsfoot trefoil-grass > alfalfa-
grass > red clover-grass. While differences between alfalfa-grass mixtures and birdsfoot 
trefoil-grass mixtures were generally small and occasionally nonsignificant, red clover-
grass mixtures were always at least 60 g kg
-1
 lower in 30 and 240 hour digestibility than 
mixtures containing either of the other legumes. The comparatively poor digestibility of 
the red clover used in this study was probably related to red clover being slightly more 
mature at the time of cutting in comparison to the other legumes (Table 3.1 and 3.2). 
Since only one cultivar of red clover was used in this study, it should not be assumed that 
all red clover-grass mixtures will be comparatively lower in digestibility.  
A significant (P=0.0356) grass x management interaction was present for 240-
hour NDFD in 2018 indicating that binary legume-grass mixtures respond differently to 
delayed cutting according to their component grass species. Legume-meadow fescue 
mixtures exhibited the greatest digestibility difference between intensive and delayed 
management, signifying that they benefited the most from intensive management. 
Legume pure stands (none-grass treatment) and legume-timothy mixtures were the least 
affected by delaying cut (Figure 3.2-A). Although grass treatment did not have an overall 
effect on fiber or digestibility in 2018, it did play a small role in some of the cuts in 2019. 
In the first harvest (Table 3.4), legume mixtures containing timothy had slightly higher 
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NDF content than other grass mixtures while legume-perennial ryegrass mixtures had 
significantly lower NDF levels.  
In the second cutting from 2019 (Table 3.5), legume-tall fescue mixtures had the 
highest NDF content, but they also had the highest 240-hour fiber digestibility. For this 
cutting, tall fescue mixtures were even higher in 240-hour NDFD than mixtures 
containing the closely related species, meadow fescue, despite lower NDF levels in 
meadow fescue mixtures. Since grasses tend to be higher in NDF content and NDFD than 
legumes (Van Soest, 1982), it is possible that this anomaly is the result of differing grass 
proportions between grass treatments. Tall fescue mixtures were numerically higher in 
grass proportion than all meadow fescue mixtures with each legume (Table 3.2). Even 
though least squares means were adjusted for grass proportion as a covariate, the 
adjustment may not have been sufficient to remove the effect of grass proportion in this 
case.  
In the third cut in 2019, neither NDF content or 240-hour NDFD were affected by 
grass treatment, but 30-hour NDFD did show significance (P=0.0307, Table 3.6). In this 
case, meadow fescue mixtures stood out from the rest with slightly higher digestibility 
values and timothy mixtures stood out as being slightly less digestible. In three New 
York State locations, Cherney et al. (1993) observed that timothy was consistently higher 
in lignin content than forage grasses, but reduced fiber digestibility was not observed. 
Legume x grass interactions were observed for NDF content in 2018 (Figure 3.4-C) and 
in cuts 1 and 2 from 2019 (Figures 3.5-C and 3.6-C). Interactions were also observed for 
fiber digestibility at 30 hours (2019 cut 1) and 240 hours in 2019 cuts 1 and 2 (Figures 
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3.5-D and 3.6-D). While 240 hour digestibility interactions differed between cuts, tall 
fescue inclusion was favorable in the case of red clover but not with alfalfa or birdsfoot 
trefoil.  
3.4.4 Relative Forage Quality (RFQ)  
The relative forage quality index rates forage quality in comparison to a standard 
(full bloom alfalfa) and a RFQ value of 140 or greater has been recommended for peak 
lactation dairy cows (Undersander and Cosgrove, 2011). As with previous quality 
parameters, the RFQ index declined significantly (P=0.0002) when cutting was delayed 
(Table 3.3). A significant (P=0.0126) legume x management interaction seems to 
indicate that this decline is more pronounced for alfalfa-grass mixtures than trefoil-grass 
or red clover-grass mixtures (Figure 3.3-B). This suggests that alfalfa-grass mixtures 
may benefit the most from intensive management. The overall legume effect from 2018 
resulted in RFQ rating by legume treatment in the order of birdsfoot trefoil-grass 
mixtures > alfalfa-grass mixtures > red clover-grass mixtures (Table 3.3). Similar 
patterns in RFQ were observed in 2019 cuts 1 and 2, but trefoil mixtures did not differ 
significantly from alfalfa mixtures (Tables 3.4 and 3.5). Grass species treatments only 
had a significant effect on RFQ in cuts 1 and 2 during 2019. These differences were not 
consistent as legume-timothy mixtures stood out as having lower quality in cut 1 but 
higher quality in cut 2. This supports the conclusion that the grass species included in 
legume-grass mixtures has little overall effect on the forage quality of the total mixture. 
Legume-grass interactions were present in yield-weighted 2018 results as well as 2019 
cuts 1 and 2. These interactions were consistent with each other in that alfalfa-grass and 
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especially birdsfoot trefoil-grass mixtures tended to be lower in RFQ than when grown in 
pure stand (None treatment) while red clover-grass mixtures tended to have similar or 
slightly higher RFQ values when grass was not included. Adjesiwor et al. (2017) 
investigated various legume combinations with smooth bromegrass and found a linear 
relationship in which total digestible nutrients (used to calculate RFQ) increased as the 
proportion of legume increased. Alfalfa and birdsfoot trefoil were both used in this study 
and pure stands of these legumes were significantly greater in TDN than their 
combinations with meadow bromegrass. Legume-grass interactions for RFQ appear to be 
somewhat similar to legume-grass interactions for NFC. This suggests that NFC 
interactions may be driving the differences in RFQ observed between legume-grass 
combinations.  
3.4.5 Forage Yield and Predicted Milk Production  
Cumulative yields for the 2018 harvest season were greatest for intensively 
managed plots, but a significant legume x management interaction (P=0.017) suggests 
that this effect primarily occurred in red clover-grass mixtures (Figure 3.2-F). Some 
studies have reported that the yield of legume-grass mixtures generally declines with 
increased cutting frequency (Bryant and Blaser, 1968; Dotzenko and Ahlgren, 1950), 
however, it has been suggested that improvements through forage crop breeding are 
allowing for more intensive management with little yield reductions (Chamblee, 1972). 
Legume species also had a significant effect on 2018 yields in which alfalfa-grass > red 
clover-grass > trefoil-grass mixtures. Legume effects were not detected in 2019 harvests 
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where yield was recorded. We attribute this to comparative productivity declines in 
alfalfa-grass and red clover-grass mixtures resulting from winter injury.  
Plot yield was significantly affected by mixture grass treatment in the combined 
2018 data (Table 3.3), as well as cuts 1 and 3 from 2019 (Tables 3.4 and 3.6). In all of 
these cases, legume-timothy mixtures stood out as the highest yielding and legume-
perennial ryegrass mixtures stood out as the lowest yielding in all cases except 2019 cut 
3. Mixtures containing tall fescue yielded well in cut 3 and significantly (P=0.0044) 
outperformed mixtures containing meadow fescue during that cut. While timothy 
mixtures performed well in this study, others have observed that timothy populations 
decline over time in mixtures under frequent cutting (Davis and Parsons, 1961; Rhykerd 
et al., 1967). Longer term studies may be required to assess the yield and persistence of 
timothy mixtures over time.  
The modeling of forage milk production per hectare has been used to make 
agronomic comparisons between forages (Andrzejewska et al., 2018; Hamilton et al., 
2013; Hollis et al., 2019; Moreno-Reséndez et al., 2017; Opsi et al., 2013). The model 
works by estimating energy available for milk production by subtracting energy used for 
animal maintenance from net intake energy for a 612 kg cow, and more recent models 
now take NDFD into account for intake and energy estimations (Undersander et al., 
2006). While this modeling method is similar to that used in RFQ calculation, modeling 
milk production is more practical and relevant to farmers. This model also combines 
yield and quality into one number and therefore accounts for yield and quality tradeoffs 
that are often associated with forage crop production (Orloff and Putnam, 1998).  
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Our results from modeling milk per hectare suggest that milk yield per land unit is 
more affected by treatment differences in forage yield than differences in forage quality. 
This has been observed in other studies that have modeled milk per hectare for both 
perennial (Andrzejewska et al., 2018; Bélanger et al., 2017) and annual (Armstrong et al., 
2008) legume-grass mixtures. Statistical analyses for estimated milk show similar 
significance to that observed in cumulative plot yield for 2018 (Table 3.3). However, no 
legume x management interaction was present for estimated milk yield. Similarities were 
also evident in cuts 1 and 3 from 2019 except that no interactions were found in estimated 
milk and a legume effect in cut 1 was found to be significant for estimated milk but not 
for yield. In general, forage quality (as evidenced by RFQ and NSC) was highest in 
legume-grass mixtures that included birdsfoot trefoil and/or perennial ryegrass. However, 
yields were generally highest in legume-grass mixtures containing alfalfa and/or timothy. 
In terms of estimated milk, mixtures containing timothy were higher than other grass 
treatments in all cases. These results agree with the findings of Bélanger et al. (2017) 
who found the highest milk per hectare in legume-grass mixtures that included meadow 
bromegrass or timothy. In the present study, alfalfa-grass mixtures outperformed red 
clover-grass and trefoil-grass mixtures by 5,987 and 7,811 kg ha
-1 
in 2018 respectively 
(Table 3.3). In 2019, alfalfa-grass mixtures did not show inferior milk per hectare when 
compared to high-quality birdsfoot trefoil mixtures that suffered little winter injury 
compared to the other legumes. While this data only represents two production years and 
yield differences may even out in the long-term, it appears that high-quality mixtures 
containing birdsfoot trefoil and/or perennial ryegrass may not be as viable as more 
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productive species mixtures (such as alfalfa and/or timothy combinations) in the short-
term on well-drained soils. It is important to consider, however, that modeling milk yield 
per hectare primarily addresses efficient land use and does not account for efficient 
animal use. For example, a high-yielding crop of low-quality forage may yield the 
highest milk per hectare and yet be uneconomical to feed to high producing dairy cows, 
as poor quality forages have been shown to severely limit dry matter intake and resulting 
milk production in high-producing animals (Allen, 1996).  
3.5 Conclusions  
Many species combinations are possible for farms seeking to produce high-quality 
perennial forage in temperate climates. We observed considerable variation in forage 
yield and quality across harvesting management treatments, mixture legume treatments, 
and mixture grasses treatments as well as legume-grass combinations. Delaying harvest 
through the use of a three-cut system rather than a four-cut system significantly reduced 
all measures of forage quality and significantly decreased the yield of red clover-grass 
mixtures. This resulted in considerably lower estimated milk per hectare for plots under 
delayed cutting management. The legume species used for each legume-grass mixture 
generally had the greatest effect on forage yield and quality and alfalfa-grass mixtures 
showed the highest potential for milk production per hectare even considering losses due 
to winter injury. Although less variation was observed between grass species, legume-
timothy mixtures consistently out yielded other grasses species and should be considered 
for inclusion in mixtures despite potential reductions in forage quality. Although legume-
perennial ryegrass mixtures did stand out with exceptional quality in some cases, they 
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generally had reduced yields compared with other mixtures and were predicted to yield 
the least milk per hectare in most cases. This research underscores the importance of 
cutting management in the production of high-quality forage and suggests that care 
should be taken to select legume and grass species combinations that meet the forage 
yield and quality goals of the operation. Only one cultivar of each species could be used 
in this comparison and further research is needed to determine if species effects are 
consistent across cultivars.  
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Figure 3.1. Seasonal precipitation and heat accumulation units (GDD) for the 2018 and 2019 production
years compared with the 30 year averages (GDD Avg. and Precip. Avg.) for the site (data retreived from























Table 3.1. Species maturity and botanical composition
a
 at harvest for treatment combinations
b
 in the 2018 season. 
Cut 1 Cut 2 Cut 3 Cut 4 Cut 1 Cut 2 Cut 3
Harvest Date 5/25/2018 6/26/2018 7/30/2018 9/6/2018 6/6/2018 7/16/2018 8/23/2018
Days of Regrowth N/A 32 34 38 N/A 40 38
GDD
c
307 496 878 948 499 827 956
Plant maturity by species (visually rated at the time of harvest)
ALF Bud Bud Late Bud 20% Bloom 10% Bloom Full Bloom 25% Bloom
RCL Late Bud 30% Bloom Full Bloom Full Bloom 50% Bloom Full Bloom 75% Bloom
BFT Vegetative 10% Bloom Early Bloom 10% Bloom 10% Bloom 35% Bloom 25% Bloom
TIM Early Boot Boot Ealy Head Vegetative Full Head Full Head Veg/Jointed
TF Early Boot Early Head Vegetative Sporadic Head Early Head Vegetative Vegetative
MF Boot Boot Vegetative Vegetative Full Head Vegetative Vegetative
PRG Vegetative Full Head Full Head Vegetative 10% Early Head Full Head 50% Headed
Legume-grass mixture botanical composition (dry matter grass proportion)
ALF TIM 0.20 0.13 0.10 N.D. 0.08 0.05 0.02
ALF TF 0.01 0.22 0.15 N.D. 0.03 0.05 0.02
ALF MF 0.13 0.10 0.08 N.D. 0.04 0.16 0.00
ALF PRG 0.03 0.13 0.09 N.D. 0.02 0.06 0.00
ALF None 0.00 0.00 0.00 N.D. 0.00 0.00 0.00
BFT TIM 0.51 0.40 0.36 N.D. 0.35 0.28 0.21
BFT TF 0.41 0.53 0.54 N.D. 0.35 0.52 0.61
BFT MF 0.41 0.22 0.36 N.D. 0.60 0.38 0.39
BFT PRG 0.22 0.35 0.39 N.D. 0.32 0.36 0.33
BFT None 0.00 0.03 0.00 N.D. 0.00 0.00 0.00
RCL TIM 0.30 0.09 0.03 N.D. 0.19 0.05 0.09
RCL TF 0.13 0.21 0.26 N.D. 0.09 0.21 0.20
RCL MF 0.31 0.16 0.15 N.D. 0.21 0.08 0.10
RCL PRG 0.06 0.22 0.09 N.D. 0.07 0.16 0.04
RCL None 0.00 0.00 0.00 N.D. 0.00 0.00 0.00
Mean 0.18 0.19 0.17 0.16 0.16 0.13
a Determined by hand separation of harvested material, compositions not determined (N.D.) for cut 4
b  ALF = alfalfa, BFT = birdsfoot trefoil, RCL = red clover, TIM= timothy, TF= tall fescue,
    MF= meadow fescue, PRG= perennial ryegrass, None= no grass (legume alone)
c GDD = growing degree days (base 10°C) at time of harvest for the growth/regrowth period





Table 3.2. Species maturity and botanical composition
a
 at harvest for treatment combinations
b
        in the 2019 season. 
Cut 1 Cut 2 Cut 3 Cut 4
Harvest Date 6/4/2019 7/2/2019 8/1/2019 9/25/2019
Days of Regrowth N/A 28 30 55
GDD
c
265 503 754 934
Plant maturity by species (visually rated at the time of harvest)
ALF Early Bud Bud Early Bloom Late Bloom
RCL Early Bud 25% Bloom Full Bloom Late Bloom
BFT Early Bud Bud Full Bloom Vegetative
TIM Late Boot Flag Leaf 15% Head Sporadic Head
TF Early Head Vegetative Sporadic Head Sporadic Head
MF Early Head Vegetative Vegetative Vegetative
PRG Vegetative Full Head 30% Head Vegetative
Legume-grass mixture botanical composition (dry matter grass proportion)
ALF TIM 0.47 0.43 0.34 N.D.
ALF TF 0.53 0.41 0.52 N.D.
ALF MF 0.22 0.14 0.26 N.D.
ALF PRG 0.11 0.29 0.22 N.D.
ALF None 0.00 0.00 0.00 N.D.
BFT TIM 0.81 0.64 0.67 N.D.
BFT TF 0.89 0.85 0.94 N.D.
BFT MF 0.81 0.71 0.63 N.D.
BFT PRG 0.37 0.58 0.41 N.D.
BFT None 0.00 0.00 0.00 N.D.
RCL TIM 0.52 0.32 0.38 N.D.
RCL TF 0.52 0.51 0.54 N.D.
RCL MF 0.45 0.36 0.33 N.D.
RCL PRG 0.24 0.35 0.19 N.D.
RCL None 0.00 0.00 0.00 N.D.
Mean 0.40 0.37 0.36
a Determined by hand separation of harvested material, compositions not determined (N.D.) for cut 4
b  ALF = alfalfa, BFT = birdsfoot trefoil, RCL = red clover, TIM= timothy, TF= tall fescue,
    MF= meadow fescue, PRG= perennial ryegrass, None= no grass (legume alone)
c GDD = growing degree days (base 10°C) at time of harvest for the growth/regrowth period




Table 3.3. Least squares means of total plot yield and quality
a
(yield weighted across cuts) for the 2018 production year.
CP NFC NSC NDF 30 hr NDFD 240 hr NDFD RFQ Yield Est. Milk 
(g kg
-1
 NDF) (g kg
-1





Intensive 207 320 158 384 517 627 188 10.21 22232
Delayed 196 279 132 436 479 594 146 9.50 18922
SEM 1.13 7.91 5.09 5.59 4.44 5.24 3.24 0.17 334
ALF 204 284 135 424 507 606 163 12.15 25177
BFT 205 312 156 397 552 686 191 7.62 17365
RC 195 302 145 408 435 540 146 9.80 19190
SEM
e
1.84 7.94 4.22 6.67 4.77 4.93 3.97 0.24 473
TIM 199 295 140 416 504 619 165 10.59 22045
TF 201 295 147 413 503 618 164 9.91 20675
MF 200 299 145 414 493 604 166 9.92 20652
PRG 204 304 150 401 501 606 169 9.07 19005
None 201 303 145 405 489 607 170 9.79 20509
SEM
e




Management 0.0005 0.0114 0.0119 0.0008 0.001 0.005 0.0002 0.0035 <.0001
Legume 0.0027 0.037 0.0004 0.0421 <.0001 <.0001 <.0001 <.0001 <.0001
Legume x Management 0.0084 0.0285 N.S. 0.014 <.0001 0.0006 0.0126 0.017 N.S.
Grass N.S. N.S. 0.016 N.S. N.S. N.S. N.S. 0.0043 0.0043
Grass x Management N.S. N.S. N.S. N.S. N.S. 0.0356 N.S. N.S. N.S.
Grass x Legume 0.006 0.0046 N.S. 0.0043 N.S. N.S. 0.0007 N.S. N.S.
Grass x Legume x Management N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S.
%_Grass (covariate) <.0001 <.0001 N.S. <.0001 <.0001 <.0001 <.0001 N.S. N.S.
Contrasts
Grass vs. None N/A N/A N.S. N/A N/A N/A N/A N.S. N.S.
TIM vs. Other grasses N/A N/A 0.003 N/A N/A N/A N/A 0.0025 0.0022
TF vs. Other grasses N/A N/A N.S. N/A N/A N/A N/A N.S. N.S.
PRG vs. Other grasses N/A N/A 0.0147 N/A N/A N/A N/A 0.001 0.0011
MF vs. Other grasses N/A N/A N.S. N/A N/A N/A N/A N.S. N.S.
TF vs. MF N/A N/A N.S. N/A N/A N/A N/A N.S. N.S.
TF+MF vs. TIM+PRG N/A N/A N.S. N/A N/A N/A N/A N.S. N.S.
MF+PRG vs. TF+Tim N/A N/A N.S. N/A N/A N/A N/A 0.0056 0.005
 ALF(None) vs. BFT(None) 0.0252 0.0002 0.0002 0.0002 <.0001 <.0001 <.0001 <.0001 <.0001
ALF(None) vs. RCL(None) 0.0212 N.S. N.S. N.S. <.0001 <.0001 0.0005 0.0005 <.0001
BFT(None) vs. RCL(None) <.0001 0.0004 0.0063 0.0004 <.0001 <.0001 <.0001 0.0204 N.S.
ALF(Grass) vs BFT(Grass) N.S. 0.0476 <.0001 N.S. <.0001 <.0001 0.0006 <.0001 <.0001
ALF(Grass) vs. RCL(Grass) 0.0096 0.0327 0.0095 0.0417 <.0001 <.0001 0.0201 <.0001 <.0001
BFT(Grass) vs. RCL(Grass) 0.0256 N.S. 0.019 N.S. <.0001 <.0001 <.0001 <.0001 0.0071
ALF(Grass vs. None) 0.4325 0.7241 N/A 0.78 N/A N/A 0.3857 N/A N/A
BFT(Grass vs. None) 0.0735 0.0078 N/A 0.0056 N/A N/A 0.0041 N/A N/A
RCL(Grass vs. None) 0.1398 0.0394 N/A 0.0639 N/A N/A 0.0399 N/A N/A
ALF(TF) vs. BFT(PRG) 0.0369 0.0025 N/A 0.0003 N/A N/A <.0001 N/A N/A
a  CP=crude protein, NFC=non-forage carbohydrate, NSC=non-structural carbohydrate, NDFD =neutral detergent fiber (NDF) digestibility,
    RFQ= relative forage quality
b Intensive = 4 cuttings per harvest season, Delayed = 3 cuttings per harvest season
c  ALF = alfalfa, BFT = birdsfoot trefoil, RCL = red clover 
d  TIM= timothy, TF= tall fescue, MF= meadow fescue, PRG= perennial ryegrass, None= no grass (legume alone)
e  Standard error of the mean averaged across treatments 
f  %_Grass= mixture grass proportion, contrasts not determined (N/A) for insignificant ANCOVA fixed effects, N.S.=not significant (α=0.05)
















Table 3.4. Least squares means of total plot yield and quality
a
 for first cut forage in 2019.
CP NFC NSC NDF 30 hr NDFD 240 hr NDFD RFQ Yield Est. Milk 
(g kg
-1
 NDF) (g kg
-1





ALF 143 290 210 474 641 756 175 2.69 5788
BFT 160 265 191 478 674 820 184 3.14 6904
RC 171 281 180 448 495 673 159 1.89 3905
SEM
d
2.9 13.5 11.7 12.6 15.8 12.0 5.8 0.34 695
TIM 149 243 169 509 594 768 158 3.16 6601
TF 160 251 191 488 624 767 162 2.96 6277
MF 151 277 188 472 597 737 168 2.86 6176
PRG 166 311 214 423 625 752 189 1.91 4235
None 164 311 205 442 577 726 187 1.97 4373
SEM
d
4.5 15.0 9.5 13.1 20.2 14.3 6.1 0.30 621
ANCOVA
e
 Effect Test Prob > FProb > F Prob > FProb > FProb > F Prob > F Prob > F Prob > F Prob > F
Legume N.S. N.S. N.S. N.S. 0.0002 0.0001 0.0342 N.S. 0.0387
Grass 0.0447 0.0269 0.0016 0.0003 N.S. N.S. 0.0113 0.0189 0.0415
Grass x Legume 0.0022 0.0194 0.0003 0.0061 <.0001 <.0001 <.0001 0.0477 N.S.
%_Grass (covariate) 0.0011 N.S. N.S. <.0001 N.S. 0.0011 N.S. N.S. N.S.
Contrasts Prob > FProb > F Prob > FProb > FProb > F Prob > F Prob > F Prob > F Prob > F
Grass vs. None N.S. N.S. N.S. N.S. N/A N/A 0.0451 N.S. N.S.
TIM vs. Other grasses 0.0276 0.0091 0.0002 0.0001 N/A N/A 0.0077 0.0175 0.0444
TF vs. Other grasses N.S. N.S. N.S. N.S. N/A N/A N.S. N.S. N.S.
PRG vs. Other grasses 0.0387 0.0039 0.0018 <.0001 N/A N/A 0.0007 0.0011 0.0026
MF vs. Other grasses N.S. N.S. N.S. N.S. N/A N/A N.S. N.S. N.S.
TF vs. MF N.S. N.S. N.S. N.S. N/A N/A N.S. N.S. N.S.
TF+MF vs. TIM+PRG N.S. N.S. N.S. N.S. N/A N/A N.S. N.S. N.S.
MF+PRG vs. TF+Tim N.S. 0.002 0.0077 0.0001 N/A N/A 0.0024 0.0104 0.0266
 ALF(None) vs. BFT(None) 0.0003 N.S. 0.0485 N.S. N.S. 0.0001 N.S. N.S. N.S.
ALF(None) vs. RCL(None) 0.0003 0.0042 0.0022 N.S. <.0001 <.0001 <.0001 N.S. N.S.
BFT(None) vs. RCL(None) N.S. N.S. N.S. N.S. <.0001 <.0001 <.0001 N.S. N.S.
ALF(Grass) vs BFT(Grass) N.S. N.S. N.S. N.S. N.S. 0.0403 N.S. N.S. N.S.
ALF(Grass) vs. RCL(Grass) 0.0381 N.S. N.S. N.S. 0.002 0.0044 N.S. N.S. N.S.
BFT(Grass) vs. RCL(Grass) 0.041 N.S. N.S. N.S. 0.0002 <.0001 N.S. 0.0157 0.0081
ALF(Grass vs. None) N.S. 0.0009 0.0012 N.S. N.S. N.S. 0.0012 N.S. N/A
BFT(Grass vs. None) N.S. N.S. N.S. 0.0496 N.S. N.S. 0.0114 0.0243 N/A
RCL(Grass vs. None) N.S. N.S. N.S. N.S. <.0001 0.0003 N.S. N.S. N/A
ALF(TF) vs. BFT(PRG) 0.0451 N.S. N.S. 0.023 0.0051 0.0021 0.0002 N.S. N/A
a  CP=crude protein, NFC=non-forage carbohydrate, NSC=non-structural carbohydrate, NDFD =neutral detergent fiber (NDF) digestibility,
    RFQ= relative forage quality
b  ALF = alfalfa, BFT = birdsfoot trefoil, RCL = red clover 
c  TIM= timothy, TF= tall fescue, MF= meadow fescue, PRG= perennial ryegrass, None= no grass (legume alone)
d  Standard error of the mean averaged across treatments 
e %_Grass= mixture grass proportion, contrasts not determined (N/A) for insignificant ANCOVA fixed effects, N.S.=not significant (α=0.05)
Additional forage qauality parameters reported in Appendix A









Table 3.5. Least squares means of total plot yield and quality
a
 for second cut forage in 2019.
CP NFC NSC NDF 30 hr NDFD 240 hr NDFD RFQ
 (g kg
-1
 NDF) (g kg
-1
 NDF) (index points)
ALF 181 239 172 456 684 811 178
BFT 211 249 161 427 697 845 186
RC 206 223 127 459 541 683 149
SEM
d
6.6 11.7 7.9 6.2 13.0 10.4 5.3
TIM 199 265 157 429 638 775 176
TF 201 201 133 477 657 817 157
MF 206 242 157 432 651 767 170
PRG 201 212 151 461 645 778 160
None 189 265 170 437 613 762 191
SEM
d
5.8 11.5 6.7 8.6 18.0 12.7 5.6
ANCOVA
e
 Effect Test Prob > F Prob > F Prob > F Prob > F Prob > F Prob > F Prob > F
Legume 0.0368 N.S. 0.0108 N.S. 0.003 <.0001 0.0051
Grass N.S. <.0001 0.0059 0.0003 N.S. 0.0441 0.0028
Grass x Legume N.S. 0.0185 0.0388 0.0346 N.S. 0.0029 0.0002
%_Grass (covariate) <.0001 0.0099 N.S. <.0001 N.S. <.0001 N.S.
Contrasts Prob > F Prob > F Prob > F Prob > F Prob > F Prob > F Prob > F
Grass vs. None N/A 0.0371 0.0244 N.S. N/A N.S. 0.0048
TIM vs. Other grasses N/A <.0001 N.S. 0.002 N/A N.S. 0.0072
TF vs. Other grasses N/A 0.0013 0.0006 0.0005 N/A 0.0026 N.S.
PRG vs. Other grasses N/A 0.0294 N.S. N.S. N/A N.S. N.S.
MF vs. Other grasses N/A N.S. N.S. 0.0125 N/A N.S. N.S.
TF vs. MF N/A 0.0047 0.0017 0.0004 N/A 0.0043 N.S.
TF+MF vs. TIM+PRG N/A N.S. N.S. N.S. N/A N.S. N.S.
MF+PRG vs. TF+Tim N/A N.S. N.S. N.S. N/A 0.0448 N.S.
 ALF(None) vs. BFT(None) 0.0422 N.S. N.S. 0.0047 N.S. 0.0058 0.0007
ALF(None) vs. RCL(None) 0.0429 0.021 0.0002 N.S. <.0001 <.0001 <.0001
BFT(None) vs. RCL(None) N.S. 0.0002 0.0007 <.0001 <.0001 <.0001 <.0001
ALF(Grass) vs BFT(Grass) 0.0154 N.S. N.S. N.S. N.S. N.S. N.S.
ALF(Grass) vs. RCL(Grass) 0.0433 N.S. 0.0128 N.S. 0.0012 <.0001 0.024
BFT(Grass) vs. RCL(Grass) N.S. N.S. 0.0438 N.S. 0.0002 <.0001 0.0283
ALF(Grass vs. None) N/A N.S. 0.0043 N.S. N/A N.S. N.S.
BFT(Grass vs. None) N/A 0.002 0.0294 0.0314 N/A N.S. <.0001
RCL(Grass vs. None) N/A N.S. N.S. N.S. N/A 0.0021 N.S.
ALF(TF) vs. BFT(PRG) N/A N.S. N.S. N.S. N/A N.S. N.S.
a  CP=crude protein, NFC=non-forage carbohydrate, NSC=non-structural carbohydrate, NDFD =neutral detergent fiber (NDF) digestibility,
    RFQ= relative forage quality
b  ALF = alfalfa, BFT = birdsfoot trefoil, RCL = red clover 
c  TIM= timothy, TF= tall fescue, MF= meadow fescue, PRG= perennial ryegrass, None= no grass (legume alone)
d  Standard error of the mean averaged across treatments 
e %_Grass= mixture grass proportion, contrasts not determined (N/A) for insignificant ANCOVA fixed effects, N.S.=not significant (α=0.05)
Additional forage qauality parameters reported in Appendix A









Table 3.6. Least squares means of total plot yield and quality
a
 for third cut forage in 2019.
CP NFC NSC NDF 30 hr NDFD 240 hr NDFD RFQ Yield Est. Milk 
 (g kg
-1
 NDF) (g kg
-1





ALF 198 246 166 445 624 756 163 1.84 3895
BFT 207 244 156 439 649 806 181 1.37 2981
RC 194 235 138 465 533 677 138 1.78 3481
SEM
d
3.4 15.8 9.2 10.4 13.6 11.6 7.4 0.13 225
TIM 190 251 151 460 593 753 164 1.92 4092
TF 196 203 144 480 618 781 158 2.11 4407
MF 207 244 150 447 626 755 157 1.72 3639
PRG 210 240 153 433 599 740 166 1.45 2960
None 198 271 167 428 575 703 158 1.12 2164
SEM
d
4.7 13.6 7.3 11.2 13.0 12.8 6.4 0.14 298
ANCOVA
e
 Effect Test Prob > F Prob > F Prob > F Prob > F Prob > F Prob > F Prob > F Prob > F Prob > F
Legume N.S. N.S. N.S. N.S. 0.0008 0.0006 0.0108 N.S. N.S.
Grass 0.0044 0.0178 N.S. N.S. 0.0307 N.S. N.S. 0.0096 0.0098
Grass x Legume N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S.
%_Grass (covariate) N.S. N.S. N.S. 0.0179 N.S. 0.0014 N.S. 0.0056 0.0082
Contrasts Prob > F Prob > F Prob > F Prob > F Prob > F Prob > F Prob > F Prob > F Prob > F
Grass vs. None N.S. 0.0041 N/A N/A N.S. N/A N/A 0.0034 0.0073
TIM vs. Other grasses 0.0016 N.S. N/A N/A 0.0359 N/A N/A 0.0027 0.0022
TF vs. Other grasses N.S. N.S. N/A N/A N.S. N/A N/A N.S. N.S.
PRG vs. Other grasses 0.0306 N.S. N/A N/A N.S. N/A N/A N.S. N.S.
MF vs. Other grasses N.S. N.S. N/A N/A 0.0436 N/A N/A 0.0012 0.001
TF vs. MF N.S. N.S. N/A N/A N.S. N/A N/A 0.0044 0.0032
TF+MF vs. TIM+PRG N.S. N.S. N/A N/A 0.0177 N/A N/A 0.0279 0.0275
MF+PRG vs. TF+Tim 0.0028 N.S. N/A N/A N.S. N/A N/A 0.0008 0.0005
 ALF(None) vs. BFT(None) N/A N/A N/A N/A N.S. N.S. N.S. N.S. N/A
ALF(None) vs. RCL(None) N/A N/A N/A N/A 0.0002 0.0002 N.S. N.S. N/A
BFT(None) vs. RCL(None) N/A N/A N/A N/A <.0001 <.0001 N.S. N.S. N/A
ALF(Grass) vs BFT(Grass) N/A N/A N/A N/A N.S. 0.0217 N.S. 0.0395 N/A
ALF(Grass) vs. RCL(Grass) N/A N/A N/A N/A 0.0033 0.005 0.032 N.S. N/A
BFT(Grass) vs. RCL(Grass) N/A N/A N/A N/A 0.0003 <.0001 0.0014 0.0404 N/A
ALF(Grass vs. None) N/A N/A N/A N/A N/A N/A N/A N/A N/A
BFT(Grass vs. None) N/A N/A N/A N/A N/A N/A N/A N/A N/A
RCL(Grass vs. None) N/A N/A N/A N/A N/A N/A N/A N/A N/A
ALF(TF) vs. BFT(PRG) N/A N/A N/A N/A N/A N/A N/A N/A N/A
a  CP=crude protein, NFC=non-forage carbohydrate, NSC=non-structural carbohydrate, NDFD =neutral detergent fiber (NDF) digestibility,
    RFQ= relative forage quality
b  ALF = alfalfa, BFT = birdsfoot trefoil, RCL = red clover 
c  TIM= timothy, TF= tall fescue, MF= meadow fescue, PRG= perennial ryegrass, None= no grass (legume alone)
d  Standard error of the mean averaged across treatments 
e %_Grass= mixture grass proportion, contrasts not determined (N/A) for insignificant ANCOVA fixed effects, N.S.=not significant (α=0.05)
Additional forage qauality parameters reported in Appendix A







CHAPTER 4: FERMENTATION AND PROTEIN EVALUATION OF ENSILED 
LEGUME-GRASS BINARY FORAGE MIXTURES  
Keywords: 
Legume-grass mixtures, forage protein fractions, proteolysis 
4.1 Abstract 
Perennial legumes and grasses are commonly grown in association to produce 
high-quality forage in temperate regions of the world. Although much of this forage is 
preserved as fermented forage, little is known about how legume and grass species 
influence the fermentation and protein quality of legume-grass silages. We hypothesized 
that both legume and grass species would influence silage fermentation and the degree of 
proteolysis in legume-grass mixtures. To test this, binary mixtures of legumes (alfalfa, 
red clover, and birdsfoot trefoil) and grasses (timothy, tall fescue, meadow fescue, and 
perennial ryegrass) were artificially wilted to 45% dry matter (DM) and ensiled across six 
cuttings over two years. Measurements were taken on vacuum-bag minisilos to determine 
volumetric fermentation expansion and silage pH. Near infrared reflectance spectroscopy 
(NIRS) was used to determine crude protein, soluble protein (fractions A1 and A2), 
insoluble degradable protein (fractions B1), and degradable protein (fractions A1, A2, and 
B1). An analysis of covariance ANCOVA test was conducted and the results indicated 
that legume-grass mixtures containing birdsfoot trefoil or red clover may proportion more 
crude protein as insoluble degradable protein (fractions B1) and less crude protein as 
rapidly degradable soluble protein (fractions A1 and A2) as compared to alfalfa mixtures. 
While grass species generally had little effect on silage protein fractions, tall fescue 
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inclusion resulted in higher soluble protein and lower insoluble degradable protein in 
some cuttings. The fermentation of alfalfa and alfalfa-grass mixtures sometimes caused 
significant gas generation that resulted in some vacuum bag minisilos expanding to 
almost two times their original size. Less expansion was observed in red clover and 
birdsfoot trefoil mixtures along with reduced silage pH in non-inoculated birdsfoot trefoil 
mixtures and occasionally in red clover mixtures (delayed cuttings) as compared to 
alfalfa mixtures.  
4.2 Introduction 
The fermentation of forage is a common practice in the Northeastern United 
States that can allow forages to be efficiently stored and fed throughout the year. In 
Vermont, more than half of the perennial forages produced are preserved as silage 
(USDA NASS, 2019). Although silage is often made from summer annuals, such as corn, 
perennial forages can also be used in the production of fermented feeds and have been 
linked to reduced environmental impacts associated with the perennial nature of the 
system (Kanwar et al., 2005; Olmstead and Brummer, 2008; Putnam, 1998; Randall et 
al., 1997). Alfalfa, red clover, and birdsfoot trefoil are forage legume species that can 
provide high-quality forage in temperate climates and meet the needs of high producing 
dairy cows (Collins, 1983). Legumes such as these have the ability to fix atmospheric 
nitrogen and, when used for forage, generally result in high-protein feedstuffs (Van 
Soest, 1982). Nitrogen fixation has the added benefit of limiting the need for commercial 
nitrogen fertilizers and can consequently reduce nitrogen leaching associated with 
fertilized swards (Ruz-Jerez et al., 1995).  
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Forage legumes are known to undergo substantial proteolysis during the wilting 
and ensiling process (Albrecht and Muck, 1991).This occurs when plant enzymes such as 
carboxypeptidase and aminopeptidase, along with some microbial enzymes, catalyze the 
hydrolysis of peptide bonds resulting in free amino acids and other nitrogenous 
compounds (Jayanegara et al., 2019). This process changes slowly degraded true protein 
into more rapidly degraded fractions such as non-protein nitrogen (NPN) and can cause 
poor nitrogen utilization by ruminants (Givens and Rulquin, 2004; Huhtanen et al., 2008) 
and may result in the need for extensive supplementation to balance diets (Broderick, 
1995).   
Several factors have been shown to influence proteolysis during the wilting and 
ensiling process. McKersie (1985) measured amino acids released from proteolytic 
activity in alfalfa, red clover, and birdsfoot trefoil extracts at six different pH treatments 
over time. They found that a strong positive relationship existed between pH and 
proteolysis in these legumes and determined that a rapid decrease in pH is essential for 
reducing in-silo proteolytic activity. Declines in silage pH reduce proteolysis by 
inactivating proteolytic enzymes and preventing the growth of undesirable bacteria such 
as clostridia (Jayanegara et al., 2019; McKersie, 1985). As is the case for most enzymatic 
reactions, proteolysis in forages has been shown to increase at elevated temperatures 
(Finley et al., 1980; McKersie, 1981). This means that excessive heating prior to the pH 
reductions in silage may contribute to excessive proteolysis. Another factor known to 
influence proteolysis is the dry matter (DM) content of the silage. Muck (1987) found a 
significant negative relationship between DM content at ensiling and silage NPN. As DM 
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content increased, observations fit the regression more closely and little proteolysis 
occurred at greater than 70% dry matter. Proteolysis is generally the highest during the 
first day or two of fermentation and then declines rapidly as time progresses (McKersie 
and Buchanan-Smith, 1982; Muck, 1987) with only low levels of proteolysis occurring 
after five days (Muck, 1988).  
Plant characteristics have also been shown to influence proteolysis during wilting 
and fermentation. Kohn and Allen (1995) compared the degradable protein content of 
alfalfa, smooth bromegrass, and reed canary grass harvested at different plant maturities. 
Reductions in soluble protein of 20-40% were found in all three species when harvesting 
was delayed. Many studies have found that the species of the forage crop being ensiled 
can have a significant impact on proteolysis during wilting and ensiling (Albrecht and 
Muck, 1991; Jayanegara et al., 2019; McKersie, 1985). While differences associated with 
plant species may arise from many plant characteristics, the effect of phenolic 
compounds produced by some species are of particular note. Condensed tannins (CT) 
found in some forage (e.g. birdsfoot trefoil) have generally been reported to reduce 
proteolysis during ensiling (Albrecht and Muck, 1991; Lorenz et al., 2010). However, 
Hymes-Fecht et al. (2013) found no differences in NPN in birdsfoot trefoil varieties of 
varying CT content. In a meta-analysis conducted by Jayanegara et al. (2019), numerous 
studies confirmed that both condensed and hydrolysable tannins can reduce proteolysis in 
the silo as additives, or when contained in forage species. CT are thought to reduce 
proteolysis through non-covalent bonding interactions with proteases and substrates 
causing precipitation (Min et al., 2003).  
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Other phenolic substances, such as the o-quinones generated by polyphenol 
oxidase enzymes (PPO), have also been shown to limit proteolysis during ensiling. These 
molecules interfere with proteolysis by binding to the active site of plant proteases or 
potentially cross-linking substrates (Grabber, 2008; Sullivan and Hatfield, 2006).  Red 
clover has been shown to exhibit substantial PPO activity which has been associated with 
reduced proteolysis as compared to other species (Li et al., 2018; Mayer, 1986). PPO 
presence alone is not enough to reduce proteolysis, however. Getachew et al. (2009) 
found that alfalfa that had been genetically modified to produce PPO did not show 
reduced proteolysis. However, reductions in proteolysis were found when o-diphenol 
caffeic acid was ensiled with PPO expressing alfalfa (Sullivan and Zeller, 2013). This 
confirms the necessity of o-diphenol substrates for PPO to be effective in proteolysis 
inhibition. A few studies have investigated combining species to create mixtures that 
maximize PPO activity.  Jones et al. (1995) found that mixing red clover and alfalfa 
extracts at a 1:1 ratio reduced proteolysis by 70% over alfalfa extract alone. In field 
experiments conducted by Marley et al. (2003), red clover-alfalfa mixtures showed linear 
reductions in soluble N fractions with increasing clover proportions. Including alfalfa in 
the mixture was found to be beneficial since it improved wilting. PPO has been shown to 
be effective at reducing proteolysis when grasses are used in mixtures as well. Copani et 
al. (2014) compared ensiled pure red clover, timothy, and CT-containing sainfoin to 
various mixtures of timothy along with the legumes and found that both PPO and CT 
were effective in preserving protein, but PPO may be more efficient in its proteolytic 
inhibition during the ensiling process.  
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Grasses are commonly grown in combination with legumes in temperate regions 
of the world since they can provide a more resilient perennial community over time 
(Baylor, 1974). Additionally, legume-grass mixtures have been found to have improved 
nutritional quality (Sleugh et al., 2000), and have been shown to have reduced weed 
encroachment and erosion when compared with pure stands (Droslom and Smith, 1976). 
Despite the wide use of legume-grass mixtures, little is known about how legume and 
grass combinations influence protein characteristics in silage across a harvest season. 
Papadopoulos and McKersie (1983) found significant cut and species effects on 
proteolysis in separately ensiled grasses and legumes, but to our knowledge, no work of 
this nature has been done involving binary grass-legume mixtures with multiple grasses 
and legumes. We hypothesize that the various legume and grass species used in mixtures 
can influence the fermentation and protein quality of the resulting silage. Our objective 
was to test this hypothesis by comparing various legume-grass silages produced at several 
different harvests across the growing season. 
Near infrared reflectance spectroscopy (NIRS) is increasingly being used in 
research and industry to determine the nutritional composition of forages. Although the 
ability of NIRS to predict some protein fractions has been questioned, Nie et al. (2008) 
reported that protein fractions A1 and B2 were predicted with high accuracy by NIRS. In 
the following pages, we report the fermentation and NIRS protein characteristics of 12 




4.3 Materials and Methods 
4.3.1 Source of Forage Material  
Forage material was grown at The University of Vermont Horticulture Research 
and Education Center (HREC) in South Burlington, Vermont (44°25’N; 73°12’W) over 
the 2018 and 2019 growing seasons. The site had an excessively drained deep Windsor 
loamy sand soil (Mixed, mesic Typic Udipsamments) with a < 5% slope. Small plots 
were established and managed throughout the study to provide suitable material for 
ensiling. A description of plot establishment and management can be found in section 
3.3.1. Plots harvested for the study were configured in a split-plot design with three 
replicates.  Replicates were arranged in blocks to account for soil variability at the site 
and whole-plots and sub-plots were randomized within each replicated block at each 
level. The whole-plot effect consisted of three forage legumes: alfalfa (Medicago sativa 
L. cv. ‘KF 406-AP’), red clover (Trifolium pretense L. cv. ‘Freedom’), and birdsfoot 
trefoil (Lotus corniculatus L. cv. ‘AC Bruce’). Each of these three legume species was 
combined with a grass species treatment forming the sub-plot effect. The five grass 
treatments were as follows: no grass, timothy (Phleum pretense L. cv. ‘Summit’), tall 
fescue (Schedonorus arundinaceus cv. ‘Kora’), meadow fescue (Schedonorus pratensis 
cv. ‘Preval’), and perennial ryegrass (Lolium perenne L. cv. ‘Tivoli’).  
A total of four harvests were ensiled during the 2018 (A) growing season and two 
in the 2019 (B) production year. The first harvest to be ensiled was second cut forage 
taken on June 26
th 
with 32 days of regrowth since the previous cut. The second ensiling 
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took place on July 16
th
 on delayed second cut forage that had 40 days of regrowth since 




 cut forage with 34 days 
of regrowth since the previous cut. The final cut to be ensiled in 2018 was taken on 
August 23
rd
 as a delayed 3
rd
 cut with 38 days of regrowth. In the 2019 (B) production 
year, the first cutting was ensiled on June 6
th
 and the second cut was ensiled 28 days later 
on July 2
nd
. Seasonal weather anomalies are reported in Chapter 3 (Section 3.8, Figure 
3.1.)  
4.3.2 Field Sampling and Ensiling   
Botanical composition samples were collected for each plot prior to each harvest 
to capture variability in grass proportions across treatments and replications. Forage 
material was cut with handheld electric clippers (Gardena Accu Grass Shears 
ComfortCut, Husqvarna Professional Products Inc., NC, USA) at several randomly 
selected locations in each plot and combined into one sample that was later hand 
separated to determine the proportion of grass for each plot. Forage material to be ensiled 
from each plot was collected by using a small plot research harvester (Carter MFG 
Co.,Brookston, IN, USA) to cut a 0.9 m wide swath out of the center of each plot. 
Material from the entire swath was mixed thoroughly and a 1200 g subsample was taken 
for ensiling. Breathable polypropylene sample bags (35 x 70 cm. Legend Inc., NV, USA) 
were used to contain the samples until they had been properly wilted for ensiling. 
Samples were wilted to a targeted dry matter content of 45% using a custom-built forced 
air oven at 50°C. This was accomplished by monitoring the weight of each sample bag 
until it reached a target weight that had been previously determined using the initial dry 
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matter content as facilitated by the microwave method reported by (Colenbrander et al., 
1989).  Upon reaching the target weight, each sample was mixed thoroughly and packed 
into heavy duty 27 x 43 cm vacuum bags (FoodSaver ‘GameSaver’ polyethylene and 
nylon composite) and sealed with a FoodSaver FM3600 vacuum sealer (Sunbeam 
Products, Inc., FL, USA). Silage made in the 2019 production year was inoculated with a 
bacterial silage inoculant containing Pediococcus pentosaceus 12455 and 
Propionibacterium freudenreichii R2453 (Lallemand Co. Montréal, QC, Canada) prior to 
silo sealing. The inoculant was mixed with deionized water and applied to the forage with 
a squirt bottle at a rate of 120,000 colony forming units (CFU) per gram of forage. Silage 
from the 2018 production year was not treated with an inoculant. All minisilos were 
stored at 13°C in a dark room until they were opened 90 days later.  
4.3.3 Silage Analysis and Data Collection   
In vacuum bag minisilos, gasses released from fermentation remain in the silo 
since it is sealed. This can allow for the quantification of fermentation gas production 
through the measurement of minisilo displacement as demonstrated by Cai et al. (1997) 
and Johnson et al. (2005). The initial displacement was measured on minisilos made from 
3
rd
 cut forage in 2018 and all minisilos made in 2019. This was done directly following 
silo sealing using the water displacement method described in Chapter 2 (Section 2.3.3). 
Displacements were measured again prior to silo opening and fermentation expansion 
was calculated using the equation below:  
Fermentation Expansion = 1 −





All minisilos were opened 90 days after ensiling. After opening, the fermented 
forage was mixed thoroughly and subsamples were taken for pH and DM/quality 
analysis. Silage pH was measured in the following manner: 50 g of forage was combined 
with 100 mL of deionized water and allowed to sit for 20 minutes or more. The mixture 
was then strained into a beaker and the pH was obtained using a calibrated Accumet AB 
15 pH meter (Fisher Scientific, Hampton, NH, USA). A second subsample of 
approximately 100-200 g was dried in a 16 x 10 x 33 cm brown paper bag (ULINE, WI, 
USA) for 48 hours or more at 55°C. After dry weights were recorded, dried samples were 
ground to pass through a 2 mm screen using a Wiley mill (Arthur H. Thomas Co., 
Philadelphia, PA, USA) and ground a second time with a cyclone forage mill (UDY 
Corporation, Fort Collins, CO, USA) to pass through a 1 mm screen. Dried and ground 
samples were then analyzed with a DS2500 near infrared reflectance spectroscopy 
instrument (FOSS NIRS DS2500; MN, USA). Reflectance spectra were analyzed with 
calibrations from a commercial feed testing laboratory (Dairy One Inc., NY, USA) to 
determine: crude protein (CP), soluble protein (SP), and degradable protein (RDP). A set 
of 30 forage samples were used to bias the calibrations appropriately. The calibration for 
CP was based on wet chemistry in accordance with AOAC 990.03. The Cornell sodium 
borate-sodium phosphate buffer procedure was used in developing the SP calibration used in 
this study and the Cornell Streptomyces griseus enzymatic digestion method (2 hr incubation) 
was used for the RDP calibration. In accordance with the protein fraction definitions 
outlined by Russell et al. (1992), the difference between SP and RDP was calculated to 
represent insoluble degradable protein (fraction B1 according to Higgs et al., 2015). 
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4.3.4 Statistical Analysis  
Analyses were run individually for each harvest in years A and B by using the 
following linear model to run a split-plot analysis of covariance (ANCOVA):  
Yhij = µ +ρh + αi + dih + βj + (αβ)ij + v(xhij - x̅) + ehij 
where Yhij = observation, µ = grand mean, ρ= block (h= replications 1-4) (ρh ~ 0,σ ρ
 2
), αi 
= legume treatment (i= alfalfa, red clover, or birdsfoot trefoil), dih = error associated with 
legume treatment (d ~ 0,σd
2
), βj = grass treatment (j= timothy, tall fescue, meadow 
fescue, perennial ryegrass, and no grass), αβ = legume by grass interaction, v = the 
regression coefficient for the covariate x, x = covariate mixture proportion of grass (x̅ = 
the mean of x), and ehij = residual error.   
Statistical analyses were conducted using JMP version 14.3.0 statistical software 
(SAS Institute, Cary, NC, USA) using the ‘fit model’ platform and the standard least 
squares personality. Results for all tests were considered significant at P<0.05. In the case 
of ANCOVA significance, least squares means (LS means) contrasts were used in JMP to 
compare predetermined groups of treatments to each other.   
4.4 Results and Discussion 
4.4.1 Minisilo Preservation  
The goal of silage fermentation is the production of stable forage material with 
minimal losses throughout the storage period. Silage pH has long been used as an 
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indicator of fermentation preservation since a rapid drop in pH minimizes proteolysis and 
prevents spoilage due to undesirable organisms such as enterobacteria and clostridia 
(Kung Jr, 2010). LS means for the pH of minisilos made in the 2018 season ranged from 
4.37 to 5.65 (Table 4.1). Kung Jr et al. (2018) suggest that well-fermented legume silage, 
ensiled at a DM content of 45 to 55%, should have pH ranging from 4.7 to 5.0. Due to the 
large amount of variability in the pH of the 2018 minisilos and the fact that some pH 
values were slightly higher than might be desirable, all minisilos made in 2019 were 
inoculated with a microbial silage inoculant. Minisilo pH LS mean values from 2019 
ranged from 4.18 to 4.89 and all treatments would be considered well-fermented (Kung Jr 
et al., 2018). ANCOVA results from the inoculated 2019 minisilos showed that there 
were no significant treatment or interaction effects on minisilo pH. This was probably 
because silos fermented more consistently to a low pH as a result of the inoculant. In 
silages from 2018, however, a significant legume effect was present in all cases (Table 
4.1). Alfalfa mixtures generally had the highest pH values, but significance over red 
clover was only observed in delayed cuts 2A and 3A. This seems to suggest that red 
clover ferments more readily at later maturities compared to alfalfa or birdsfoot trefoil. 
Red clover had a significantly higher pH than birdsfoot trefoil in all but delayed cut 3 in 
2018. Birdsfoot trefoil consistently had the lowest pH in 2018 silages and was 
significantly lower than alfalfa in all 2018 harvests (Table 4.1, Figure 4.1). These results 
are similar to those observed by McKersie (1985) and Hymes-Fecht et al. (2013). In these 
studies, however, red clover silages did not differ in pH from birdsfoot trefoil as shown in 
some cases here. A significant interaction was found in delayed cut 3A in which tall 
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fescue increased the pH of mixtures when combined with birdsfoot trefoil, but not when 
combined with alfalfa or red clover (Figure 4.1.; panel Z).  
Analysis of minisilo fermentation expansion data revealed significant legume 
effects in delayed cut 3A and intensive cut 1B as well as a significant legume x grass 
interaction in delayed cut 3A. There was considerable variation between and within cuts 
for expansion values with some minisilos producing small enough quantities of gas that 
they then showed negative expansion (Table 4.2). The highest fermentation expansion 
occurred in delayed cut 3A with some treatments expanding to more than 150% of their 
original size. This may be the reason why the largest difference was observed in this 
harvest. In delayed cut 3A, alfalfa mixtures had the most expansion and were 
significantly more expanded than both red clover and birdsfoot trefoil mixtures (Figure 
4.2.; panel Y). Minisilos containing birdsfoot trefoil mixtures showed the least expansion 
in this cutting and exhibited reduced expansion over silos containing red clover mixtures. 
Similar results were observed in intensive cut 1B except that alfalfa mixtures and red 
clover mixtures did not differ. The legume x grass interaction observed in delayed cut 3A 
was characterized by a sharp drop in the expansion values of alfalfa mixtures and no 
difference or slight increases in red clover and birdsfoot trefoil mixtures when the 
mixture contained tall fescue (Figure 4.2.; panel Z). 
These results underscore the value of silage inoculants in the production of 
legume-grass silage. In inoculated cuttings, all silage was well-fermented and no 
significant pH differences were observed between species. In non-inoculated cuts, 
birdsfoot trefoil mixtures consistently fermented to a low pH, while alfalfa and red clover 
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were generally higher in pH. This may indicate that inoculation is more important in 
alfalfa and red clover mixtures than in birdsfoot trefoil mixtures. Fermentation expansion 
values were generally lower in inoculated cuttings. This may indicate that silage 
inoculants can help reduce gas emissions from silage. Furthermore, it appears that 
birdsfoot trefoil mixtures may be less prone to gas generation during ensiling than alfalfa 
and red clover. This is likely related to the lower pH achieved by birdsfoot trefoil 
mixtures.  
4.4.2 Silage Nutritional Quality  
Due to the high legume content in most of the treatment mixtures throughout  
harvest seasons A and B, the CP levels were generally high (ranging from 19-28% DM) 
even in delayed cuttings where plants were more mature (Table 4.3). CP values were 
generally similar to those that might be expected in silage made from pure legumes as 
reported by Hymes-Fecht et al. (2013). Legume specie of the mixtures had a significant 
effect on the crude protein content of the silage in five of the six cuttings (Table 4.3). In 
all of these cuttings, LS means contrasts revealed that red clover consistently had a higher 
CP content than alfalfa. Birdsfoot trefoil generally had an intermediate CP content which 
was significantly greater than alfalfa in delayed cut 3A (P=0.0108) and the intensive cut 
2B (P=0.0155), but lower than red clover in intensive cut 2A (P<0.0001), delayed cut 2A 
(P=0.0443), and intensive cut 1B (P=0.0101) (Table 4.3., Figure 4.3). A small, but 
significant grass effect was present in intensive cut 3A, intensive cut 1B, and intensive 
cut 2B. In the first two cases, mixtures with perennial ryegrass stood out as having 
slightly higher CP (P=0.0094, P=0.0005 respectively). In intensive cut 2B, however, it 
108 
 
was the timothy mixture that stood out with a higher CP content (P=0.0001). Differences 
associated with grass were likely the result of variation in grass maturity at specific 
harvests as reported in Chapter 3 (Section 3.9, Tables 2.1 and 2.2).  
The Cornell Net Carbohydrate and Protein System (CNCPS) is a nutritional 
model that partitions forage CP into various fractions according to their degradation and 
utilization by ruminants. Silage SP represents protein that dissolves in a borate-phosphate 
buffer which has historically been classified as CNCPS protein fractions A (non-protein 
nitrogen, NPN) and B1 (rapidly available true protein) (Gabler and Heinrichs, 2003). 
However, more recent versions of the CNCPS model have re-named these fractions as A1 
and A2 respectively (Higgs et al., 2015). This protein is generally considered to be rapidly 
available in the rumen and excessive amounts in ruminant diets have been associated 
with poor nitrogen utilization (Gabler and Heinrichs, 2003; Lana et al., 1997). In the 
present study, SP LS mean values ranged from less than 35% to nearly 68% of CP (Table 
4.4). This agrees with the findings of other studies that have reported NPN values ranging 
from 44 to 87% of CP in alfalfa (Muck, 1987; Papadopoulos and McKersie, 1983). Our 
results show that SP was significantly affected by legume species in all ensiled harvests 
with alfalfa mixtures having the highest SP, birdsfoot trefoil mixtures having an 
intermediate SP content, and red clover mixtures having the lowest SP (Table 4.4, 
Figure 4.4). Alfalfa mixtures had a significantly higher soluble protein content than red 
clover mixtures in all cases. Birdsfoot trefoil mixtures had higher soluble protein than red 
clover in all cuttings except intensive cut 3A where there was no significant difference. 
Alfalfa mixtures were higher in SP than birdsfoot trefoil mixtures in all cuts except for 
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intensive cut 1B where there was no significant difference (Table 4.4). These results are 
consistent with NPN fractions reported for silages made from the same legume species in 
previous work (Grabber, 2008; Papadopoulos and McKersie, 1983). Legume differences 
in SP are likely associated with differing degrees of proteolysis during wilting and 
ensiling which may be due to the presence of PPO and CT in some species.   
While the legume species explained the vast majority of SP variation between 
treatments, there was also a small but significant grass treatment effect in intensive cuts 
2A, 1B, and 2B (P=0.0279, P=0.0002, and P<0.0001 respectively) (Table 4.4). In each 
of these cases, tall fescue mixtures had a significantly higher SP percentage than mixtures 
with other grasses in the study. Furthermore, tall fescue was significantly higher in SP 
than meadow fescue in each of these cases despite their close genetic relationship in the 
Schedonorus genus. It is not clear why tall fescue as a mixture component resulted in 
higher protein solubility or why this effect was only detected in intensive cuts 1 and 2. 
Marita et al. (2009) found that many grasses contained PPO enzymes but limited 
enzymatic activity was observed unless o-diphenol substrate was added to the extracts. 
Since PPO activity has been linked to reductions in proteolysis, they hypothesized that it 
may be possible for enzymes from one species in a mixture to be active on substrate that 
may be present in another species that may lack the beneficial PPO enzyme. They also 
demonstrated that, in the presence of substrate, meadow fescue and several other grasses 
had higher PPO activity than tall fescue. A significant legume x grass interaction in 
intensive cut 1B suggests that the effect of tall fescue on protein solubility may vary by 
legume in some cases (Figure 4.4.; panel Z). This interaction suggests that tall fescue 
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had a greater influence on the SP content of red clover and birdsfoot trefoil than alfalfa. 
Significant interactions were also present in the intensive and delayed 3
rd
 cuts from year 
A but the patterns were not consistent and no legume effect was detected in these 
cuttings. This suggests that the legume x grass interaction for SP varies by cut and may 
be the most influential in first cut silages.  
The proportion of CP that is rumen degradable (RDP) represents the protein 
fraction that is available for microbial use in the rumen and is the sum of the soluble 
protein (CNCPS fractions A1 and A2) and the potentially degradable true protein (CNCPS 
fraction B1) in the feed (Gabler and Heinrichs, 2003; Higgs et al., 2015; Russell et al., 
1992). In the present study, RDP followed a similar pattern to SP. ANCOVA results for 
RDP show significant legume effects in all cases and grass effects in both 2019 harvests 
(Table 4.5) as was the case with SP results. In contrast to SP results, RDP in alfalfa 
mixtures was only higher than birdsfoot trefoil mixtures in delayed cuts 2 and 3 from 
2018 (Figure 4.5). Additionally, it appears that slightly different patterns did appear in 
the grass effect across cuts. The delayed cut 3A showed a significant grass effect for RDP 
but not SP and the intensive cut 2A did not show a significant grass effect on RDP but an 
effect was significant for SP (Table 4.5).  
The proportion of CP that is insoluble in a buffer solution yet still potentially 
degradable was historically described as protein fractions B2 and B3 (Russell et al., 1992), 
but these two fractions have been combined and re-classified as protein fraction B1 in 
recent CNCPS models (Higgs et al., 2015). This protein fraction represents true protein 
that is degraded more slowly in the rumen (NRC, 2001). Broderick (1995) found that the 
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proportionally higher true protein content of alfalfa hay over alfalfa silage was associated 
with improved nitrogen utilization as evidenced by a lower milk urea nitrogen content 
and ruminal NH3. Altering the B1 content of diet forages does not always appear to be 
meaningful, however, since some research has found that changing the B1 content of 
heifer diets had no effect on nitrogen utilization (Gabler and Heinrichs, 2003). 
Nevertheless, potentially degradable true protein in forage remains a valuable protein 
source for ruminants and must be considered when balancing rations for high producing 
dairy cows (NRC, 2001). ANCOVA results from the present study revealed a significant 
legume effect on the insoluble degradable protein (B1) in all cuttings from both harvest 
years (Table 4.6). In each of these cases, red clover mixtures had a higher proportion of 
B1 then alfalfa. Birdsfoot trefoil mixtures generally had an intermediate B1 content that 
was higher than alfalfa in intensive cut 2A, intensive cut 3A, and intensive cut 2B, but 
lower than red clover in intensive cut 2A, delayed cut 2A, and delayed cut 3A (Table 
4.6., Figure 4.6). These results are consistent with the protein fractions reported by 
Grabber and Coblentz (2009) for alfalfa, birdsfoot trefoil (moderate tannin level), and red 
clover. They concluded that red clover and birdsfoot trefoil both proportioned more CP as 
true protein (fractions B1) and that this was likely due to the PPO and CT present in these 
forages respectively. The proportional differences in SP and B1 for each mixture legume 
in this study are in agreement with these conclusions.  
The B1 proportion of the mixture was also influenced by the mixture grass 
treatment in some cases. In both years, intensive cut 2 mixtures containing tall fescue 
were significantly lower in B1 then other grasses (Table 4.6). However, a completely 
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different pattern was observed in delayed cut 3A in which tall fescue was higher in B1 
than meadow fescue; whereas the opposite was the case in intensive cut 2 mixtures. A 
legume x grass interaction was also present in delayed cut 3A in which the B1 content of 
alfalfa and birdsfoot trefoil mixtures varied significantly across grass treatments, but the 
B1 content of red clover remained largely unchanged (Figure 4.6.; panel Z). It appears 
that intensively harvesting tall fescue mixtures for the second harvest may lead to silage 
containing a lower true protein content. Since SP was elevated in these situations, 
insoluble CP appears to have shifted to more soluble forms indicating increased 
proteolysis.  
4.5 Conclusions  
The species of legumes and grasses used in binary forage mixtures can impact the 
quality and fermentation of silages preserved as animal feed. Alfalfa mixtures produced 
silages with the highest proportion of CP as soluble protein and the lowest proportion of 
crude protein as degradable insoluble true protein (B1). Alfalfa mixtures also had the 
highest gas production during the fermentation of some cuts. It appears that red clover 
mixtures may provide some advantages over alfalfa mixtures since they proportioned the 
most CP as fraction B1 and had the lowest SP proportions. Red clover-grass mixtures also 
tended to have the highest CP content, indicating that red clover-grass mixtures far 
exceeded the other legumes in total B1 production. Birdsfoot trefoil-grass crude protein 
was proportioned intermediately between alfalfa-grass and red clover-grass mixtures with 
modest shifting of B1 to SP. Birdsfoot trefoil-grass mixtures may be more easily 
preserved then both alfalfa-grass and red clover-grass mixtures since they fermented to a 
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lower pH in non-inoculated cuts. Although the grass component of the mixtures was less 
influential on silage fermentation and quality than legume, this study suggests that 
intensively managed tall fescue mixtures generally have a higher proportion of SP than 
other grass mixtures. In many cases, elevated SP was accompanied by a comparatively 
low B1 proportion indicating that increased proteolysis may have taken place. Further 
research is needed, however, to more fully elucidate proteolysis in legume-grass 
combinations. These results suggest that farmers seeking to retain more slowly 
degradable protein in fermented forages might chose grasses other than tall fescue and 
combine them with red clover or birdsfoot trefoil in binary mixtures.  
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Table 4.1. Least squares means of minisilo pH for legume-grass mixtures across cuts and management
a
.
 Cut 1  Cut 2 
                        Legume
b
     Grass
c 
Intensive Delayed Intensive Delayed Intensive Intensive
ALF TIM 5.04 5.40 5.10 5.27 4.38 4.67
ALF TF 5.22 5.48 5.31 5.29 4.41 4.64
ALF MF 5.15 5.46 5.17 5.45 4.42 4.62
ALF PRG 5.08 5.46 4.96 5.35 4.30 4.50
ALF None 4.98 5.65 5.04 5.54 4.28 4.44
BFT TIM 4.76 4.56 4.41 4.59 4.24 4.51
BFT TF 4.73 4.75 4.43 5.07 4.26 4.55
BFT MF 4.60 4.61 4.42 4.50 4.18 4.53
BFT PRG 4.59 4.57 4.45 4.50 4.25 4.35
BFT None 4.46 4.67 4.37 4.49 4.32 4.33
RCL TIM 5.01 5.25 5.20 4.89 4.27 4.74
RCL TF 5.08 5.21 5.05 4.80 4.23 4.89
RCL MF 5.21 5.19 5.00 4.78 4.26 4.65
RCL PRG 5.08 5.13 5.12 4.83 4.31 4.66
RCL None 5.10 5.23 5.08 4.94 4.29 4.61
SEM
d
0.11 0.12 0.13 0.11 0.09 0.10
ANCOVA
e
 Effect Test Prob > F Prob > F Prob > F Prob > F Prob > F Prob > F
Legume 0.008 0.0002 0.0014 0.0003 N.S. N.S.
Grass N.S. N.S. N.S. N.S. N.S. N.S.
Grass x Legume N.S. N.S. N.S. 0.0126 N.S. N.S.
%_Grass (covariate) N.S. N.S. N.S. N.S. N.S. N.S.
Contrasts
Grass vs. None N/A N/A N/A N/A N/A N/A
TIM vs. Other grasses N/A N/A N/A N/A N/A N/A
TF vs. Other grasses N/A N/A N/A N/A N/A N/A
PRG vs. Other grasses N/A N/A N/A N/A N/A N/A
MF vs. Other grasses N/A N/A N/A N/A N/A N/A
TF vs. MF N/A N/A N/A N/A N/A N/A
TF+MF vs. TIM+PRG N/A N/A N/A N/A N/A N/A
MF+PRG vs. TF+Tim N/A N/A N/A N/A N/A N/A
 ALF(None) vs. BFT(None) 0.0015 <.0001 0.0004 <.0001 N/A N/A
ALF(None) vs. RCL(None) N.S. 0.0071 N.S. 0.0003 N/A N/A
BFT(None) vs. RCL(None) 0.0002 0.0005 0.0002 0.004 N/A N/A
ALF(Grass) vs BFT(Grass) 0.0033 <.0001 0.0003 <.0001 N/A N/A
ALF(Grass) vs. RCL(Grass) N.S. 0.008 N.S. 0.0005 N/A N/A
BFT(Grass) vs. RCL(Grass) 0.0047 <.0001 0.0003 N.S. N/A N/A
ALF(Grass vs. None) N/A N/A N/A N.S. N/A N/A
BFT(Grass vs. None) N/A N/A N/A N.S. N/A N/A
RCL(Grass vs. None) N/A N/A N/A N.S. N/A N/A
ALF(TF) vs. BFT(PRG) N/A N/A N/A <.0001 N/A N/A
a  Intensive = 4 cuttings per harvest season, Delayed = 3 cuttings per harvest season
b  ALF = alfalfa, BFT = birdsfoot trefoil, RCL = red clover 
c  TIM = timothy, TF= tall fescue, MF = meadow fescue, PRG = perennial ryegrass, None = no grass (legume alone)
d  Standard error of the mean averaged across treatment combinations 
e  %_Grass= mixture grass proportion; Contrasts not determined (N/A) for insignificant ANCOVA fixed effects
2018 (A) 2019 (B)













Table 4.2. Least squares means of fermentation expansion for legume-grass mixtures across cuts
                  and management
a
.
  Cut 1    Cut 2  




Intensive Delayed Intensive Intensive
ALF TIM 0.73 1.24 -0.10 0.03
ALF TF 0.46 0.97 -0.11 0.19
ALF MF 0.11 1.92 0.40 0.16
ALF PRG 0.57 1.74 0.13 0.04
ALF None 0.29 1.69 0.10 0.13
BFT TIM 0.33 -0.05 -0.09 -0.07
BFT TF 0.91 0.54 -0.11 0.03
BFT MF 0.42 0.04 -0.15 -0.09
BFT PRG 0.44 0.38 -0.13 -0.01
BFT None 0.02 0.24 -0.11 0.07
RCL TIM 0.17 0.91 -0.15 0.40
RCL TF 0.44 0.96 -0.12 0.07
RCL MF 0.43 0.55 -0.15 0.13
RCL PRG 0.40 0.68 -0.09 0.05
RCL None -0.27 0.89 -0.11 0.17
SEM
d
0.30 0.18 0.12 0.12
ANCOVA
e
 Effect Test Prob > F Prob > F Prob > F Prob > F
Legume N.S. 0.0003 0.0143 N.S.
Grass N.S. N.S. N.S. N.S.
Grass x Legume N.S. 0.0046 N.S. N.S.
%_Grass (covariate) N.S. N.S. N.S. N.S.
Contrasts
Grass vs. None N/A N/A N/A N/A
TIM vs. Other grasses N/A N/A N/A N/A
TF vs. Other grasses N/A N/A N/A N/A
PRG vs. Other grasses N/A N/A N/A N/A
MF vs. Other grasses N/A N/A N/A N/A
TF vs. MF N/A N/A N/A N/A
TF+MF vs. TIM+PRG N/A N/A N/A N/A
MF+PRG vs. TF+Tim N/A N/A N/A N/A
 ALF(None) vs. BFT(None) N/A <.0001 N.S. N/A
ALF(None) vs. RCL(None) N/A 0.0018 N.S. N/A
BFT(None) vs. RCL(None) N/A 0.009 N.S. N/A
ALF(Grass) vs BFT(Grass) N/A <.0001 0.0446 N/A
ALF(Grass) vs. RCL(Grass) N/A 0.0009 0.0045 N/A
BFT(Grass) vs. RCL(Grass) N/A 0.009 N.S. N/A
ALF(Grass vs. None) N/A N.S. N/A N/A
BFT(Grass vs. None) N/A N.S. N/A N/A
RCL(Grass vs. None) N/A N.S. N/A N/A
ALF(TF) vs. BFT(PRG) N/A 0.0469 N/A N/A
a  Intensive = 4 cuttings per harvest season, Delayed = 3 cuttings per harvest season
b  ALF = alfalfa, BFT = birdsfoot trefoil, RCL = red clover 
c  TIM= timothy, TF= tall fescue, MF= meadow fescue, PRG= perennial ryegrass, None= no grass (legume alone)
d  Standard error of the mean averaged across treatment combinations 
e  %_Grass= mixture grass proportion; Contrasts not determined (N/A) for insignificant ANCOVA fixed effects



























Table 4.3. Least squares means of silage crude protein for legume-grass mixtures across cuts 
                  and management
a
.
 Cut 1  Cut 2 




Intensive Delayed Intensive Delayed Intensive Intensive
ALF TIM 227 209 237 234 165 232
ALF TF 228 197 230 233 175 214
ALF MF 219 194 227 222 156 213
ALF PRG 220 200 244 230 160 206
ALF None 227 203 230 232 137 203
BFT TIM 231 224 237 263 161 259
BFT TF 212 196 226 220 163 232
BFT MF 219 235 252 262 160 252
BFT PRG 194 220 256 282 217 233
BFT None 213 234 221 275 219 235
RCL TIM 265 236 218 261 199 250
RCL TF 243 232 226 248 172 237
RCL MF 253 242 226 245 203 252
RCL PRG 255 234 227 246 221 234
RCL None 271 249 231 253 230 246
SEM
d
7.5 7.7 9.3 7.9 8.4 8.1
ANCOVA
e
 Effect Test Prob > F Prob > F Prob > F Prob > F Prob > F Prob > F
Legume <.0001 <.0001 N.S. 0.009 0.000 0.013
Grass N.S. N.S. 0.0281 N.S. 0.0085 0.0001
Grass x Legume N.S. N.S. N.S. 0.007 <.0001 N.S.
%_Grass (covariate) 0.003 N.S. 0.016 0.014 0.000 <.0001
Contrasts
Grass vs. None N/A N/A 0.3297 N/A N.S. N.S.
TIM vs. Other grasses N/A N/A 0.3831 N/A N.S. 0.0001
TF vs. Other grasses N/A N/A 0.0983 N/A 0.0294 0.0448
PRG vs. Other grasses N/A N/A 0.0094 N/A 0.0005 0.0011
MF vs. Other grasses N/A N/A 0.7709 N/A N.S. N.S.
TF vs. MF N/A N/A 0.1929 N/A N.S. 0.0359
TF+MF vs. TIM+PRG N/A N/A 0.1735 N/A 0.0019 N.S.
MF+PRG vs. TF+Tim N/A N/A 0.0134 N/A 0.0174 N.S.
 ALF(None) vs. BFT(None) N.S. 0.0027 N/A 0.0001 <.0001 0.0079
ALF(None) vs. RCL(None) 0.0002 <.0001 N/A 0.0377 <.0001 0.0009
BFT(None) vs. RCL(None) <.0001 N.S. N/A 0.0350 N.S. N.S.
ALF(Grass) vs BFT(Grass) N.S. N.S. N/A 0.0108 N.S. 0.0155
ALF(Grass) vs. RCL(Grass) <.0001 0.0001 N/A 0.0051 0.0006 0.0142
BFT(Grass) vs. RCL(Grass) <.0001 0.0443 N/A N.S. 0.0101 N.S.
ALF(Grass vs. None) N/A N/A N/A N.S. 0.0100 N/A
BFT(Grass vs. None) N/A N/A N/A N.S. 0.0031 N/A
RCL(Grass vs. None) N/A N/A N/A N.S. 0.0050 N/A
ALF(TF) vs. BFT(PRG) N/A N/A N/A 0.0005 0.0003 N/A
a  Intensive = 4 cuttings per harvest season, Delayed = 3 cuttings per harvest season
b  ALF = alfalfa, BFT = birdsfoot trefoil, RCL = red clover 
c  TIM= timothy, TF= tall fescue, MF= meadow fescue, PRG= perennial ryegrass, None= no grass (legume alone)
d  Standard error of the mean averaged across treatment combinations 
e  %_Grass= mixture grass proportion; Contrasts not determined (N/A) for insignificant ANCOVA fixed effects
2018 (A) 2019 (B)















Table 4.4. Least squares means of silage soluble protein for legume-grass mixtures across cuts 
                  and management
a
.
 Cut 1  Cut 2 




Intensive Delayed Intensive Delayed Intensive Intensive
ALF TIM 594 572 545 544 619 503
ALF TF 606 605 534 534 632 585
ALF MF 571 592 535 563 647 544
ALF PRG 587 599 568 562 641 540
ALF None 602 606 525 563 679 543
BFT TIM 517 516 414 418 578 427
BFT TF 559 569 489 466 631 550
BFT MF 513 493 409 485 613 420
BFT PRG 551 516 416 496 552 486
BFT None 502 466 455 479 599 470
RCL TIM 371 418 439 390 482 360
RCL TF 420 454 439 426 582 441
RCL MF 354 414 402 378 491 339
RCL PRG 386 411 438 382 477 404
RCL None 352 403 399 393 479 340
SEM
d
15.8 22.7 20.4 16.3 21.6 20.2
ANCOVA
e
 Effect Test Prob > F Prob > F Prob > F Prob > F Prob > F Prob > F
Legume <.0001 <.0001 0.0005 <.0001 0.0007 <.0001
Grass 0.0279 N.S. N.S. N.S. 0.0002 <.0001
Grass x Legume N.S. N.S. 0.0309 0.0162 0.0018 N.S.
%_Grass (covariate) N.S. N.S. N.S. 0.0373 0.0028 N.S.
Contrasts
Grass vs. None N.S. N/A N/A N/A N.S. N.S.
TIM vs. Other grasses N.S. N/A N/A N/A 0.0206 0.0003
TF vs. Other grasses 0.0055 N/A N/A N/A 0.0002 <.0001
PRG vs. Other grasses N.S. N/A N/A N/A N.S. N.S.
MF vs. Other grasses 0.01 N/A N/A N/A N.S. 0.0012
TF vs. MF 0.0018 N/A N/A N/A 0.0174 <.0001
TF+MF vs. TIM+PRG N.S. N/A N/A N/A 0.0002 0.0154
MF+PRG vs. TF+Tim N.S. N/A N/A N/A N.S. 0.0455
 ALF(None) vs. BFT(None) <.0001 <.0001 0.0138 0.0006 0.0099 0.0067
ALF(None) vs. RCL(None) <.0001 <.0001 0.0001 <.0001 <.0001 <.0001
BFT(None) vs. RCL(None) <.0001 0.0317 0.0407 0.0004 0.0005 <.0001
ALF(Grass) vs BFT(Grass) 0.0015 0.0209 0.0005 0.0006 N.S. 0.0033
ALF(Grass) vs. RCL(Grass) <.0001 <.0001 0.0007 <.0001 0.0007 <.0001
BFT(Grass) vs. RCL(Grass) <.0001 0.0004 N.S. 0.0011 0.0057 0.0011
ALF(Grass vs. None) N/A N/A N.S. N.S. 0.0375 N/A
BFT(Grass vs. None) N/A N/A N.S. N.S. N.S. N/A
RCL(Grass vs. None) N/A N/A N.S. N.S. N.S. N/A
ALF(TF) vs. BFT(PRG) N/A N/A 0.0005 N.S. 0.0098 N/A
a  Intensive = 4 cuttings per harvest season, Delayed = 3 cuttings per harvest season
b  ALF = alfalfa, BFT = birdsfoot trefoil, RCL = red clover 
c  TIM= timothy, TF= tall fescue, MF= meadow fescue, PRG= perennial ryegrass, None= no grass (legume alone)
d  Standard error of the mean averaged across treatment combinations 
e  %_Grass= mixture grass proportion; Contrasts not determined (N/A) for insignificant ANCOVA fixed effects
2018 (A) 2019 (B)
















Table 4.5. Least squares means of silage degradable protein for legume-grass mixtures across cuts 
                  and management
a
.
 Cut 1  Cut 2 




Intensive Delayed Intensive Delayed Intensive Intensive
ALF TIM 752 740 716 767 751 728
ALF TF 733 747 727 787 776 738
ALF MF 758 753 709 750 782 717
ALF PRG 748 736 712 746 769 702
ALF None 774 747 731 763 759 712
BFT TIM 742 715 652 695 794 746
BFT TF 718 700 727 687 819 764
BFT MF 759 698 668 677 805 727
BFT PRG 763 693 674 668 736 740
BFT None 778 724 665 700 773 715
RCL TIM 651 701 661 648 724 671
RCL TF 667 677 661 671 818 695
RCL MF 606 671 651 633 726 652
RCL PRG 651 696 659 644 735 683
RCL None 644 667 658 660 739 635
SEM
d
14.0 13.4 21.4 13.0 13.4 12.4
ANCOVA
e
 Effect Test Prob > F Prob > F Prob > F Prob > F Prob > F Prob > F
Legume <.0001 <.0001 0.0222 <.0001 0.0034 0.0021
Grass N.S. N.S. N.S. 0.0165 0.0006 0.0404
Grass x Legume 0.0437 N.S. N.S. N.S. 0.0067 N.S.
%_Grass (covariate) 0.0197 N.S. N.S. 0.0004 0.0167 N.S.
Contrasts
Grass vs. None N/A N/A N/A N.S. N.S. N.S.
TIM vs. Other grasses N/A N/A N/A N.S. N.S. N.S.
TF vs. Other grasses N/A N/A N/A 0.0212 <.0001 0.0058
PRG vs. Other grasses N/A N/A N/A N.S. 0.0081 N.S.
MF vs. Other grasses N/A N/A N/A N.S. N.S. 0.0173
TF vs. MF N/A N/A N/A 0.0134 0.0051 0.0026
TF+MF vs. TIM+PRG N/A N/A N/A N.S. 0.0001 N.S.
MF+PRG vs. TF+Tim N/A N/A N/A 0.0035 0.0208 0.0076
 ALF(None) vs. BFT(None) N.S. N.S. 0.0205 0.0006 N.S. N.S.
ALF(None) vs. RCL(None) <.0001 <.0001 0.0118 <.0001 N.S. <.0001
BFT(None) vs. RCL(None) <.0001 0.0019 N.S. 0.0215 N.S. <.0001
ALF(Grass) vs BFT(Grass) N.S. 0.0119 N.S. <.0001 N.S. N.S.
ALF(Grass) vs. RCL(Grass) <.0001 <.0001 0.016 <.0001 0.0164 0.0014
BFT(Grass) vs. RCL(Grass) <.0001 N.S. N.S. 0.0173 0.0013 0.0004
ALF(Grass vs. None) 0.1073 N/A N/A N/A N.S. N/A
BFT(Grass vs. None) 0.1048 N/A N/A N/A N.S. N/A
RCL(Grass vs. None) 0.9837 N/A N/A N/A N.S. N/A
ALF(TF) vs. BFT(PRG) 0.1351 N/A N/A N/A 0.0279 N/A
a  Intensive = 4 cuttings per harvest season, Delayed = 3 cuttings per harvest season
b  ALF = alfalfa, BFT = birdsfoot trefoil, RCL = red clover 
c  TIM= timothy, TF= tall fescue, MF= meadow fescue, PRG= perennial ryegrass, None= no grass (legume alone)
d  Standard error of the mean averaged across treatment combinations 
e  %_Grass= mixture grass proportion; Contrasts not determined (N/A) for insignificant ANCOVA fixed effects
2018 (A) 2019 (B)
















Table 4.6. Least squares means of silage fraction B1 for legume-grass mixtures across cuts 
                  and management
a
.
 Cut 1  Cut 2 




Intensive Delayed Intensive Delayed Intensive Intensive
ALF TIM 155 165 169 223 133 224
ALF TF 129 139 192 253 145 152
ALF MF 183 158 173 187 134 175
ALF PRG 158 134 143 184 126 162
ALF None 163 137 203 201 78 172
BFT TIM 236 202 241 277 219 316
BFT TF 173 142 245 220 191 209
BFT MF 249 208 263 191 194 304
BFT PRG 220 184 262 172 184 252
BFT None 269 254 206 221 171 249
RCL TIM 274 280 219 258 242 312
RCL TF 249 225 224 244 237 252
RCL MF 251 256 249 254 235 314
RCL PRG 266 286 219 262 257 279
RCL None 283 260 256 267 258 299
SEM
d
13.4 19.0 17.7 16.0 28.5 21.1
ANCOVA
e
 Effect Test Prob > F Prob > F Prob > F Prob > F Prob > F Prob > F
Legume 0.0001 <.0001 0.0003 0.0033 0.0039 0.0002
Grass 0.0041 N.S. N.S. 0.0016 N.S. 0.0001
Grass x Legume N.S. N.S. N.S. 0.0138 N.S. N.S.
%_Grass (covariate) N.S. N.S. N.S. N.S. N.S. N.S.
Contrasts
Grass vs. None 0.0233 N/A N/A N.S. N/A N.S.
TIM vs. Other grasses N.S. N/A N/A 0.0014 N/A 0.0003
TF vs. Other grasses 0.0002 N/A N/A N.S. N/A 0.0003
PRG vs. Other grasses N.S. N/A N/A 0.0056 N/A N.S.
MF vs. Other grasses 0.0188 N/A N/A 0.0299 N/A N.S.
TF vs. MF 0.0004 N/A N/A 0.0383 N/A 0.0010
TF+MF vs. TIM+PRG N.S. N/A N/A N.S. N/A 0.0390
MF+PRG vs. TF+Tim 0.0126 N/A N/A 0.0002 N/A N.S.
 ALF(None) vs. BFT(None) <.0001 <.0001 N.S. 0.3327 0.0153 0.0069
ALF(None) vs. RCL(None) <.0001 <.0001 0.0201 0.0027 <.0001 <.0001
BFT(None) vs. RCL(None) N.S. N.S. 0.0284 0.0291 0.0231 N.S.
ALF(Grass) vs BFT(Grass) 0.0009 N.S. 0.0004 N.S. N.S. 0.0007
ALF(Grass) vs. RCL(Grass) <.0001 <.0001 0.0001 0.0070 0.0034 <.0001
BFT(Grass) vs. RCL(Grass) 0.0123 0.0005 N.S. 0.0234 N.S. N.S.
ALF(Grass vs. None) N/A N/A N/A N.S. N/A N/A
BFT(Grass vs. None) N/A N/A N/A N.S. N/A N/A
RCL(Grass vs. None) N/A N/A N/A N.S. N/A N/A
ALF(TF) vs. BFT(PRG) N/A N/A N/A 0.0031 N/A N/A
a  Intensive = 4 cuttings per harvest season, Delayed = 3 cuttings per harvest season
b  ALF = alfalfa, BFT = birdsfoot trefoil, RCL = red clover 
c  TIM= timothy, TF= tall fescue, MF= meadow fescue, PRG= perennial ryegrass, None= no grass (legume alone)
d  Standard error of the mean averaged across treatment combinations 
e  %_Grass= mixture grass proportion; Contrasts not determined (N/A) for insignificant ANCOVA fixed effects
2018 (A)
















CHAPTER 5: GENERAL DISCUSSION, CONCLUSIONS, AND LIMITATIONS 
5.1 Artificial Wilting and Inoculation Use in Laboratory Minisilos 
We found artificial oven wilting at 55°C to be an effective method for 
consistently wilting various forage material prior to ensiling. It was this method that 
allowed us to simultaneously wilt numerous legume-grass mixtures so that they could be 
evaluated as ensiled forages. We observed that artificially wilted material fermented just 
as well as field-wilted material and differences in fermentation volatiles and forage 
quality fractions were minimal and probably related to wilting time differences. We 
believe that the use of artificial wilting could allow for greater application of laboratory 
minisilo experiments in forage research. In particular, various forage species and 
cultivars may be compared as ensiled forage in controlled experiments that simulate the 
storage conditions that actually occur on the farm. This would make agronomic research 
more relevant on the farms to which the research is directed.  
In addition to artificial wilting, the inoculation of forage samples with a silage 
inoculant prior to ensiling is recommended to ensure that consistent and adequate 
fermentation takes place. We found that a commercial silage inoculant performed 
similarly in both wilting treatments and reduced the silage pH in both cases. Furthermore, 
inoculation may reduce the variability of fermentation and thereby allow for greater 





5.2 Cutting Management  
While species selection for legume-grass mixtures did influence the quality of the 
resulting forage material, we found that the most consistent factor influencing forage 
quality was cutting management. Increasing the regrowth period by approximately five 
days under a delayed (three cut) system resulted in small but consistent reductions in 
quality metrics that aggregated into large reductions in total forage quality (e.g. RFQ). 
Thus, it appears that even with improved legume and grass species combinations, 
management may have a greater overall influence on forage quality. In light of this, farms 
seeking to improve the quality of existing legumes-grass stands should consider their 
management strategy before attempting to establish a higher quality species mixture.  
5.3 Legume-Grass Combinations 
Perennial legume-grass mixtures are an important part of forage systems on dairy 
farms in the Northeast, and their yield and quality are particularly important to farms 
feeding high-forage diets. The characteristics of a legume-grass mixture will generally be 
related to the properties of each individual species in proportion to the relative abundance 
of each species in the mixture. Since individual species vary in quality, maturity, and 
yield potential across years, harvests, and soils conditions, it is difficult to make general 
recommendations that are applicable on all farms.  
Alfalfa mixtures appear to have the highest potential for yield and quality when 
soil and weather conditions are favorable (as was the case in 2018) but can suffer 
significant winter injury that reduces stand productivity (as was the case in 2019). 
135 
 
Birdsfoot trefoil, on the other hand, had the lowest yield potential in mixtures but was not 
affected by winter injury.  If winter injury continues to affect legume persistence, the 
long-term yield potential of birdsfoot trefoil mixtures may be higher than that of other 
legume mixtures. However, since birdsfoot trefoil mixtures proved to be difficult to 
establish and maintain, the quality and persistence benefits of birdsfoot trefoil mixtures 
may be offset by establishment risks and costs. Although the grass species used in this 
study did result in mixture quality differences when combined with legumes, we found 
that mixture yield differences outweighed quality differences associated with specific 
grass treatments. Therefore, it is imperative that grasses be chosen for their yield 
potential, adaptability, and complementarity with high-quality legumes rather than 
quality alone. If soil conditions are suitable for legumes, the farm will likely benefit the 
most by relying on the legume for forage quality and the grass for resilience and yield. 
Conversely, if conditions are more suitable for grass production, then grass quality may 
be a greater factor; the legume would take on a lessor role, where they exist to support 
grass growth through nitrogen fixation or to contribute to yield and quality if conditions 
become less favorable for grass growth. None of the grasses used in this study were sod-
forming species. In situations where long-term productivity is desired but legumes 
subject to winter injury are used, it may be beneficial to include sod-forming grass 
species that have the ability to colonize damaged areas.  
Since legume-grass mixtures are often preserved as silage, it is important to 
consider the implications that legume-grass combinations will have on the quality of 
legume-grass silages. We found that both legume choice and grass choice had 
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implications on the fermentation and quality of binary mixtures. Without the use of a 
silage inoculant, birdsfoot trefoil-grass silages fermented to a significantly lower pH than 
alfalfa-grass or red clover-grass silages. Additionally, alfalfa-grass mixtures have the 
potential to produce significantly more gasses during fermentation than other species. If 
excessive proteolysis is a nutritional or environmental concern, then our research would 
suggest that alfalfa-tall fescues mixtures should be avoided, since these species had 
higher soluble protein and lower insoluble degradable protein than others used in this 
research. 
5.4 Limitations  
Our agronomic research only represented one location over two harvest seasons. 
This limits the application of the results since farms have variable field/soil conditions 
and typically expect to harvest a perennial stand for more than two seasons. Additionally, 
we could only evaluate one cultivar of each forage species and thus could not capture 
yield, quality, and mixture compatibility differences that may exist amongst cultivars of 
each species. Although we managed our plots organically, we did take measures to 
ensure that soil fertility was adequate for legume production. Although organic farms do 
apply fertilizer and manure, their soil nutrients may not be as favorable for legume 
production as ours, and they may face economic limitations due the cost of organic 
fertilizer. Our cutting management may also be more optimal than what is practical for 
many farms, since our harvesting method did not require an extended dry period to 
harvest, wilt, and store forages. However, we observed that our intensive cutting schedule 
was similar in timing to the schedule used by many farms in the Champlain Valley. 
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Our method of ensiling using vacuum-bag minisilos simulates fermentation and 
storage methods that might be used on a farm, but some differences are evident. Aside 
from the amount of forage material, our minisilos differed in the packing method since 
we put forages under vacuum to exclude oxygen, but silos are packed mechanically in 
practice. Additionally, our silos were sealed completely, while wrapped bails and bunker 
silos allow for most fermentation gasses to be released. We used minisilo volume as an 
indicator of fermentation gas production, but this method would be confounded if 
significant variation in forage compressibility existed between mixture combinations. 
Furthermore, volumetric displacement could be underestimated if silos generated enough 
gas to cause the vacuum bag to be under pressure. Further research would be required to 
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Table A.1. Least squares means of total plot yield and quality
a
(yield weighted across cuts) for the 2018 production year.




Intensive 279 125 33
Delayed 290 112 20
SEM 2.93 3.70 2.17
ALF 296 101 34
BFT 307 120 36




TIM 278 116 24
TF 298 120 27
MF 282 117 28
PRG 283 123 27






 Effect Test Prob > F Prob > F Prob > F
Management 0.0462 N.S. 0.0053
Legume <.0001 <.0001 <.0001
Legume x Management N.S. N.S. N.S.
Grass 0.045 0.0219 0.03
Grass x Management N.S. N.S. 0.0385
Grass x Legume N.S. N.S. 0.0166
Grass x Legume x Management N.S. N.S. 0.0306
%_Grass (covariate) N.S. N.S. <.0001
Contrasts Prob > F Prob > F Prob > F
Grass vs. None N.S. N.S. N.S.
TIM vs. Other grasses N.S. N.S. N.S.
TF vs. Other grasses 0.0031 0.0018 N.S.
PRG vs. Other grasses N.S. N.S. N.S.
MF vs. Other grasses N.S. N.S. 0.0016
TF vs. MF 0.019 0.004 0.0242
TF+MF vs. TIM+PRG N.S. N.S. 0.0153
MF+PRG vs. TF+Tim N.S. N.S. N.S.
 ALF(None) vs. BFT(None) N.S. <.0001 N.S.
ALF(None) vs. RCL(None) 0.0004 <.0001 <.0001
BFT(None) vs. RCL(None) <.0001 0.002 <.0001
ALF(Grass) vs BFT(Grass) N.S. <.0001 N.S.
ALF(Grass) vs. RCL(Grass) <.0001 <.0001 <.0001
BFT(Grass) vs. RCL(Grass) <.0001 0.0002 <.0001
ALF(Grass vs. None) 0.6134 0.5081 0.9088
BFT(Grass vs. None) 0.8649 0.302 0.1883
RCL(Grass vs. None) 0.3494 0.1215 0.1791
ALF(TF) vs. BFT(PRG) 0.5733 0.0033 0.5919
a  WSC=water-soluble carbohydrates
b Intensive = 4 cuttings per harvest season, Delayed = 3 cuttings per harvest season
c  ALF = alfalfa, BFT = birdsfoot trefoil, RCL = red clover 
d  TIM= timothy, TF= tall fescue, MF= meadow fescue, PRG= perennial ryegrass, None= no grass (legume alone)
e  Standard error of the mean averaged across treatments 
f  %_Grass= mixture grass proportion, contrasts not determined (N/A) for insignificant ANCOVA fixed effects, 
   N.S.=not significant (α=0.05)
(g kg
-1










Table A.2. Least squares means of total plot yield and quality
a
 for first cut forage in 2019.




ALF 339 155 55
BFT 330 157 33




TIM 298 141 28
TF 348 158 33
MF 307 153 35
PRG 310 168 46






 Effect Test Prob > F Prob > F Prob > F
Legume 0.0427 N.S. 0.0047
Grass N.S. 0.0104 0.0125
Grass x Legume N.S. 0.0007 <.0001
%_Grass (covariate) N.S. 0.0021 0.037
Contrasts Prob > F Prob > F Prob > F
Grass vs. None N/A N.S. N.S.
TIM vs. Other grasses N/A N.S. 0.0099
TF vs. Other grasses N/A 0.0034 0.0167
PRG vs. Other grasses N/A N.S. N.S.
MF vs. Other grasses N/A 0.0171 0.0008
TF vs. MF N/A 0.0024 0.0007
TF+MF vs. TIM+PRG N/A N.S. N.S.
MF+PRG vs. TF+Tim N/A N.S. 0.0009
 ALF(None) vs. BFT(None) N.S. N.S. N.S.
ALF(None) vs. RCL(None) N.S. N.S. 0.0293
BFT(None) vs. RCL(None) N.S. N.S. N.S.
ALF(Grass) vs BFT(Grass) N.S. N.S. 0.0052
ALF(Grass) vs. RCL(Grass) 0.0204 N.S. 0.0014
BFT(Grass) vs. RCL(Grass) 0.023 N.S. N.S.
ALF(Grass vs. None) N/A N.S. 0.0366
BFT(Grass vs. None) N/A N.S. N.S.
RCL(Grass vs. None) N/A N.S. N.S.
ALF(TF) vs. BFT(PRG) N/A N.S. 0.0001
a  WSC=water-soluble carbohydrates
b  ALF = alfalfa, BFT = birdsfoot trefoil, RCL = red clover 
c  TIM= timothy, TF= tall fescue, MF= meadow fescue, PRG= perennial ryegrass, None= no grass (legume alone)
d  Standard error of the mean averaged across treatments 
e %_Grass= mixture grass proportion, contrasts not determined (N/A) for insignificant ANCOVA fixed effects, 
   N.S.=not significant (α=0.05)
(g kg
-1








Table A.3. Least squares means of total plot yield and quality
a
 for first cut forage in 2019.
Soluble Protein WSC Starch Predicted Milk
(g kg
-1
 crude protein) (kg tonne-1)
ALF 217 113 59 1991
BFT 256 110 51 2051
RC 197 104 24 1831
SEM
d
19.0 5.5 3.3 18.9
TIM 168 113 43 2000
TF 253 100 33 1885
MF 208 106 52 1947
PRG 266 108 43 1928
None 221 118 53 2028
SEM
d
22.0 4.5 3.6 27.6
ANCOVA
e
 Effect Test Prob > F Prob > F Prob > F Prob > F
Legume N.S. N.S. 0.0003 0.0088
Grass 0.0035 0.0421 0.0038 0.0166
Grass x Legume N.S. N.S. 0.0002 0.0092
%_Grass (covariate) N.S. N.S. 0.0013 N.S.
Contrasts Prob > F Prob > F Prob > F Prob > F
Grass vs. None N.S. 0.0151 0.0007 0.0475
TIM vs. Other grasses N.S. N.S. N.S. 0.0058
TF vs. Other grasses 0.0046 N.S. N.S. 0.0241
PRG vs. Other grasses N.S. N.S. N.S. N.S.
MF vs. Other grasses 0.009 N.S. N.S. N.S.
TF vs. MF 0.0005 N.S. N.S. N.S.
TF+MF vs. TIM+PRG N.S. N.S. 0.0156 N.S.
MF+PRG vs. TF+Tim 0.0183 N.S. N.S. N.S.
 ALF(None) vs. BFT(None) N.S. N/A N.S. 0.0001
ALF(None) vs. RCL(None) N.S. N/A N.S. 0.0032
BFT(None) vs. RCL(None) N.S. N/A N.S. <.0001
ALF(Grass) vs BFT(Grass) N.S. N/A 0.0277 N.S.
ALF(Grass) vs. RCL(Grass) N.S. N/A <.0001 0.0034
BFT(Grass) vs. RCL(Grass) N.S. N/A 0.0001 0.0011
ALF(Grass vs. None) N/A N/A <.0001 N.S.
BFT(Grass vs. None) N/A N/A N.S. 0.0004
RCL(Grass vs. None) N/A N/A N.S. N.S.
ALF(TF) vs. BFT(PRG) N/A N/A N.S. N.S.
a  WSC=water-soluble carbohydrates
b  ALF = alfalfa, BFT = birdsfoot trefoil, RCL = red clover 
c  TIM= timothy, TF= tall fescue, MF= meadow fescue, PRG= perennial ryegrass, None= no grass (legume alone)
d  Standard error of the mean averaged across treatments 
e %_Grass= mixture grass proportion, contrasts not determined (N/A) for insignificant ANCOVA fixed effects, 
   N.S.=not significant (α=0.05)
(g kg
-1








Table A.4. Least squares means of total plot yield and quality
a
 for first cut forage in 2019.




ALF 243 102 64
BFT 238 107 49




TIM 201 113 38
TF 263 107 37
MF 221 101 49
PRG 238 107 47






 Effect Test Prob > F Prob > F Prob > F
Legume N.S. N.S. 0.0001
Grass 0.001 0.0471 0.0013
Grass x Legume N.S. N.S. 0.0188
%_Grass (covariate) N.S. N.S. N.S.
Contrasts Prob > F Prob > F Prob > F
Grass vs. None N.S. N.S. 0.0102
TIM vs. Other grasses N.S. N.S. 0.002
TF vs. Other grasses N.S. N.S. N.S.
PRG vs. Other grasses N.S. 0.0173 N.S.
MF vs. Other grasses 0.0179 N.S. 0.0001
TF vs. MF 0.0361 N.S. 0.0138
TF+MF vs. TIM+PRG N.S. N.S. 0.0001
MF+PRG vs. TF+Tim 0.028 N.S. 0.0097
 ALF(None) vs. BFT(None) N/A N/A 0.0254
ALF(None) vs. RCL(None) N/A N/A 0.0012
BFT(None) vs. RCL(None) N/A N/A N.S.
ALF(Grass) vs BFT(Grass) N/A N/A 0.0281
ALF(Grass) vs. RCL(Grass) N/A N/A <.0001
BFT(Grass) vs. RCL(Grass) N/A N/A 0.0003
ALF(Grass vs. None) N/A N/A 0.0064
BFT(Grass vs. None) N/A N/A 0.0024
RCL(Grass vs. None) N/A N/A N.S.
ALF(TF) vs. BFT(PRG) N/A N/A N.S.
a  WSC=water-soluble carbohydrates
b  ALF = alfalfa, BFT = birdsfoot trefoil, RCL = red clover 
c  TIM= timothy, TF= tall fescue, MF= meadow fescue, PRG= perennial ryegrass, None= no grass (legume alone)
d  Standard error of the mean averaged across treatments 
e %_Grass= mixture grass proportion, contrasts not determined (N/A) for insignificant ANCOVA fixed effects, 
   N.S.=not significant (α=0.05)
(g kg
-1
 dry matter) 
Legume
b
Grass
c
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